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BULK ACOUSTIC WAVE FILTERS FOR IF PROCESSING IN 


RADIOCOMMUNICATION SYSTEMS 
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THOMSON CEPE - 44 AV. DE LA GLACISRE- 95100 ARGENTEUIL - FRANCE 








The civil radiocommunication market has been caracterized by two main changes in the 
recent years : 


- the expansion of digital communication 


- the increase of the market with the emergence of new high volume applications such as 
GSM, DCS, POINTEL in Europe and comparable services in USA and Japan. 


This leads to significant changes in the piezoelectric filter market. 


Previous analog systems required a narrow band IF filtering (typical channel width : 15 
KHz). The con, eniant filter :s normally realized with quartz resonators and capacitive 
coupling. itis quite tolerant to Manufacturing conditions. 


Digital systems need a larger bandpass (in a range 50 to 300 knz}. So the filter is at the 
Doundary of the quartz range of use ; it becomes a nigh performance filter both on 
=neoretical and tecnnologica! point of view. 


it 1S a Major change because it Nas nuMerous consequences On ine design oF the filter 


‘ol e) 


and on the process of manufacturing. it even affects the choice of piezoelectric material. 


IF filtering in systems : 





The question of IF filterinc s snarec ov both the mobiie and the base station. The 
electrical requirements are quite the same. However there are significant differences 


\ \~ 


regarding non electrical characteristics and, of course, price anc volume target. 
The manufacturer of system generally may choose whether one or two IF stage is 
needed for radioprocessing. he recuirements for the snape of each fiiter is the result of 
the splitting of a global need over tne two IF fiiters. 


iF frequencies may uSually be selected in the following ranges 


- 20 to 200 MHz for the first IF with focus on 45, 70, 8E MH? 
- 10.7 to 45 MHz for the seconoa IF. 


Whatever may be the centre frequency and the channel! wictn, there is a common need 
for the global filtering shape over the following characteristics : 


- shape factor must be approximately 3 : 1 between attenuation level -3 dB and -60 dB. 
It is an equivalent 6 pole filter which may be split between a two pole and a four pole 


at each IF frequency 








- group delay must be flat in the limit of 15 % of its absolute value over 60 % of the 3 
dB bandwidth 


- insertion loss must be as low as possible, especially for mobile stations where iow 
Consumption is a main deal. 8 dB split over two filters seems to be a maximum | 


- an out of band rejection of 80 dB is needed to avoid effects of near jammers 

- size Must be as small as possible for mobile stations 

- COST IS ODViOUSiy a Main parameter 

Even so, the various combinations of centre frequencies and bandwith lead to very 


different filter designs because the need Is at the boundary of different technological! 
domains. (fig. 1) 





Legend for the domains 


. Lapped lithium tantalate 

. lon etched lithium tantaiate 

. Lapped quartz 

. lon etched quartz 

. Special mobile technology (low 
size - low cost) 
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Fig. 1 
Tecnnoioaical domains of ¢rystai filters and locus of radiocommunication banowidths 





We will focus on the products developped for GSM system, because this system has 
neen the earliest one. 


|/ FiLTERS FOR GSM 
A/ BASE STATION 


CEPE has developped a range of filters for the GSM base stations with the 
following characteristics : 














centre frequency Fc : 
Shape factor : 

3 dB bandwidth : 
Stopband attenuation : 


Out of band rejection : 
Insertion loss : 

Group delay riople : 
Spurious rejection : 
Continous input level : 
Temperature range : 
Package size : 


60 to 90 Mhz 


4 poles 


from 130 kHz to 200 kHz 
20 dB min out of Fe + 200 kHz 
60 dB min out of Fc + 600 kHz 


70 dB min 
5 dB max 


1 ps max over 60 % of the 3 d8 bandwidth 
40 to 65 dB min (depending on bandwidth) 


-2 dBm 


-20 to +70°C 


38 x 18 x 15 mm (fig. 2 - right) 


























Fig. 2 


Package for mooiie (left) and Dase (right) filters 








The main technical choices nave been : 


- resonators are working at fondamental frequency. It is impossible to use 


harmonics due to the large relative bandwidth (> 4.1073). 


As the centre frequency exceeds the limits of mechanical lapping (which ts 
approximateiy 50 MHz! the resonators need to be ion etched (resonator 
thickness : 18 ym). This technology has been mastered by CEPE for 15 years 
and is well suited for reproducible medium volume manufacturing of resonators. 


- quartz has been chosen as piezoelectric material, even if the relative bandwidth 
is Quite large compared to the small piezoelectric coupling factor. But, lithium 
tantalate which has a stronger coupling factor would not have been 
satisfactory regarding insertion loss and stiffness, due to its poor quality factor. 

















The consequence is a high level of iterative impedance and the need for coils 
with high quality factors. 


- other aspects of the filters are the common state of the art at CEPE which have 
beer performed on manufacturing of comparable volume in the recent years 
(ex : MSE RITA > 15 000 filters). ; 


In order to face this new production and to continue facing it in the following 
years, very significant improvements are performed on the manufacturing 
process 


1/ The complete manufacturing process has been piaced under statistical 
process control. 
The result has been the ability to optimize the balance between different 


linked parameters : 


the size of the electrode of the resonators has Dsen improved : too large an 
electrode causes an increase of spurious. But wnen it !> too small it 
increases iterative impedance and conseauently it makes the filters more 
sensitive to the coil performance. The exact comoromise has been defined. 
As a consequence, in order to insure the reproducibility of this results we 
had to defined a new and more precise tooling manufacturing technology. 


the manufacturing complexity has be 2n differentiv split between resonators 
and filter : in order to achieve a good filter, the + resonators need to have a 
small differential value of impedance and comciementary spurious 

responses. !n order to allow relaxed absolute toierancies on resonators 2 
grouping algorithm has been developped to define assembly kits leading to a 
good filter. 


to get the mass of information needed by SPC and to insure its quality, new 
automatic measuring equipments have been deveiooped for resonator 
characterization. The most critical parameters -inductance and spurious- are 


now measured in line with a nigh level of accurary ‘3 % on inductance 
value). 


2/ The manufacturing of the piezoelectric olates has Deen put under automatic 
lapping contro!. This technology has demonstvatec 3 nigh level of reproducibility 
suitable tor further ion etching. The consequence wili be a reduction of 
operating costs. Figure 3 Shows the evolution of tne frequency versus time for 
a batch of plates at the beginning of lapping (left!. the spread of absolute 
thickness ts reported on the right. One can notice tne gathering of the 
thickness values. 
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Fig 3. 
Automatic lapping control : beginning of the batch treatment 
and oroaressive reduction of thickness soreac 








3, ion etching is a main factor of cost for the pilates. Drastic improvements are 
being performed in order to increase the diameter of homogenous etching and 
consequentiy, to increase the number of pilates per batch. To face the increase 
G? production new equioments have been purchased. 

Aside, an automatic macnine nas been developped to place the glue, the 
9iates and Its individual mask on the etcning site. 


4, Processing of resonators 1s the major factor of cost in the filter. It would De 
very interesting tO Make 2 resonant functions on the same plate. Works are 
performed towarcs “his aim. The main difficulties come from : 


- the available space on a ion etcned plate, which is far smaller than on a 
iapped plate due to the stiffening ring all around. 


- the increase of Spurious generation due to the proximity of the 2 resonators. 
Figure 4 Shows a typical view of the response of this new kind of filter 
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B/ MOBILE STATION 


The filter developped at CEPE has the following characteristics : 


- Centre frequency Fc : 45 MHz 

- Shape : 4 poles 

- 3 dB bandwidth : 200 kHz min 

- Stopband rejection : 18 dB min out of Fc + 200 kHz 
45 dB min out of Fc = 400 kHz 

- Out of band rejection : 60 dB min 

- Insertion loss : 6 dB max 

- Group delay ripple : 500 ns max over 70 % of the 3 dB bandwidth 

- Spurious rejection : 40 dB min 

- Input level : 0 dBm 

- Temperature range : -20 , + 70°C 

- Package 4 pins DIL 14 

- Dimensions : 20 x 13 x 5 mm (see fig. 2 - left) 


The electrical design has been fully driven towards the aim of low cost and 


Suitability to 


mass production. 


The technical choices have been defined according to the following : 








- number of poles has been limited to 4. A bigger amount of poles would lead to 
excessive tuning complexity. in order to achieve the suitable performance in 
stiffness and group delay flatness, a specific synthesis algorithm has been 
developped and imp'emented on a CAD working station. Figure 5 Shows the 
typical predicted serisibility of the filter 
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i Fig. 5 
Sensibility studv on the mobiie filter 








- the 4 resonators are diacec on tne same plate in order to get the minmmum 
material and processing costs, in aadition with minimum size. And, in oraer to 
ease the tuning of the filter, the mechanical coupling of the resonators has 
been excluded. 


- we need to use a NIQn coupiNg piezoelectric material, in order to reduce the 
Spurious generation due to the proximity of the resonators. Lithium tantalate 
has been chosen. 


- we had to avoid ionic ersning. Among the frequencies interesting the system, 
45 MHz was Suitable for tnat aim (45 MHz !s made on a 45 wm thick plate. 
y This thickness is acnievabie Dy lapping). Fortunately the relative bandwidth of 
the filter calculated with 45 MHz agrees with the use of lithium tantalate. 


the electrical scheme of the filter had to ve very simple and as far as possible 
had to avoid coils. Finally, there is only one coil, and its very low quality factor 
requirement is consistent with the use of a chip. 








- internal assembly should be surface mounted in order to minimize size. 


This was the basis of a new filter concept. The industrial implementation 
required to first overcome various feasibility points either on the product and on 
the manufacturing process, and then to optimize them. 


1/ 


3/ 


Mounting the plate : 
The plate is mounted flat on the printed alumina substrate. 


Due to the electrical scheme, 8 electrical connexions are needed. This is 
cause of a strong assembly, but, in fact, too strong an assembly is 
disadvantageous because of the strains induced on the plate. The 
consequences may be an increased shift of frequency versus temperature. or 
even the break of the plate. 


Numerous experimentations have been performed to define the right nature of 
glue and curing and the right disposal of fixing points. The need for automatic 
mounting of the plate has also been taken into account. The result is 2 
temperature shift quite conform to the free plate theoretical behaviour. 


/ Unwanted coupling : 


The proximity of resonators on the same plate may Cause Spurious responses 
even on lithium tantalate. 


On the contrary increasec oroximity reduces the spread of cnaracterisiics 
between the resonators : it increases the ease of tuning and diminisnes the 
size of the piate and consequently the cost. 


Numerous disposals of the resonators have been tested to reach the right 
compromize 


Tuning : 


For classical filters, tuning is performed by adjusting or exchanging the 
coupling components. The very compact design of the mobile filter makes it 
impossible to achieve such an operation. In addition it is a quite cost 
consuming step of fabrication. This operation has been suppressed and 
replaced by a prediction of the exact values of the components needed. A 
special algorithm has been developped to calculate these values from the 
measurements of the whole set of resonators, including the tolerances of the 
components. 


It has required the design of a performant measuring head to pick information 
directly on the very small size filter without generating electrical distortions. 











4/ Prototype line 


A prototype manufacturing line has been implemented. It encompasses newly 
developped fully computer assisted equipments such as : 

- plate mounting 

- Coupling components prediction 

- placing components 


It has a capacity of 10.000 filters per year. and nas yet produced 1.000 
filters. A full capacity line may be imoiementec :n a short delay. 


The mobile IF filter that CEPE has develoopec 1s approximatly 3 times smaller 
tnan a classical equivalent bulk filter. Ever compared with other technologies 
such as saw filters, it has reached an uneausiec small size regarding its 
electrical performances. But we know “chez zne need will be in the future for 
teiephone. That is wny works are unger progress to achieve an extra factor 2 
reduction on size, so that the overall dimensions will be 13 x 13 x 5 mm (4 
pins DIL 8 package). Figure 5 Shows the “irst results on electrical response 
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Electrical response of a DIL 8 package mobile filter 
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ABSTRACT 


This paper describes the design and VLSI implementation of a system that achieves vocal 
compression at <8 xbit/sec empioying Code-Excited Linear Prediction (CELP} technique, selected 
as the U.S. 0.0.0. siandard for a 4890 vos voice coder 

A microprogrammasie specializea arcnitecture based on fixed-point arithmetic and a 512 vectors 
codebook has deen developec and. using extensive pipelining with addressing, data reading, Calculating 
and writing cycles oeriorm 2a In paralie! in one instruction time-siot. we acnieve a peak performance of 20 
MIPS with very !ow ove:.iead. at a 40 MHz clock frequency. 

The chip directly interlaces externai DRAMs to store coded speech. ft can be used for channel coding 
and solid siate recoraing appiications. The chip is deing implemented in a 1.0 um double-layer metal 


CMOS process 


!) - INTRODUCTION. 


High quality. iow Dit rate (below 9600 bit/s) soeecn coding is one of the most 
interesting researcn fieids wnose aavances pave the way to manifold applications: 
mobile telecnone sysiems, catia and voice integratec networks, voice-recording 
systems. 

Code Excited Linear Preaiction (CELP) was introduced in 1984 [Atal.1984] as a coding 
technique adie to achieve nign quality speech at medium and low bit rates. CELP 
coding is Dasec on linear preaictive analysis tc moaei the speech spectrum short-term 
formant siructure, and on analysis-by-synthesis search procedures to determine 
perceptually optimized excitation signal and jong-term spectrum periodicity. 

The closed ioop search can be described as a two stage vector quantization (VQ) 
procedure: an acaptive code Dcok models the long-term signal periodicity, while a fixed 
stochastic code book is usec to mode! the residual from short-term and long-term 
prediction. 

Computational requirements of the overall algorithm depend essentially on adaptive 
and stochastic code book sizes; inese affect also the quality of the resynthesized 
speech signal. Real-time CELP implementation requires a significant effort to reduce 
the complexity of the original algorithm without loosing performance. 

Our approach follows coder structure, bit allocation and computational shortcuts 
adopted in the standard proposed by the U.S. Department of Defense (PFS 1016) 
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(Kemp, 1989][(Campbell,1989]; the main difference being that we achieved a 
comparable quality with a fixed point arithmetic [Flaiani, 1990]. 

Table 1 shows computational requirements of CELP implementation at different levels 
of coder complexity; we have assumed that LP analysis and adaptive code book 
search consumes approximately 4.3 MIPS. 











Code Book Size | Stochastic Search | Total MIPS | DSP Cio Rating | 
| | 
128 2.1 MIPS 6.5 MIPS 13 MIPS 
256 42MIPS | 8.5 MIPS | 17 MIPS | 
512 8.3MIPS_ | 126MIPS | 25MIPS_ | 





Table 1. CELP Computational Requirements. 


These MIPS values refer only to multioiy, add, multiply-accumulate, compare and 
divide and should not be contused with DSP chip peak ratings; programming 
overhead and pipeline's breaks /eac to ‘icating point DSP rating of about twice the 
aigorithm complexity (Campbell, 1990] . 

For this reason real-time implementations using commercially availadie OSP must 
reduce the codebook size decreasing syntnetic speech quality [Casaius, 1990) . 


Il)- THE CELP ALGORITHM. 


CELP analysis consists of three basic functions: short delay “spectrum” anaiysis; iong 
delay “pitch” search; residual "code DoOk" search. 

Short delay spectrum analysis is estimated, on a 30 ms Hamming windowed frame 
size, by 10th order autocorreiation LPC analysis. Sample rate is 8 KHz. 

Long delay pitch search and residuai code Dook search are performed on a 7.5 ms 
Subframe, four times per frame. 

The adaptive codebook is 256 codeworcs wide: it contains 128 integer delays and 128 
non integer delays (fig. 1); the pitch delay is delta searched, relative to tne previous 
pitch, for every even subframe. 
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The stochastic codebook size is 512 codewords (fig. 2): codewords are 
pseudorandomly generated, ternary valued, overlapped, and approximately 75% 
sparsed (zero values); these design choices allow to implement efficient search 


procedures [Lin, 1987]. 
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Fig. 2 


Tne indexes of the acaptive anc stocnastic codebooks. and the gains associated to the 
optimum codeworcs, are comoutec according to a minimum squared prediction error 
criterion including a perceptually weighting function that improves subjective speech 
Quality by exploiting masking DroDenies of human hearing. 

CELP synthesis consists of the same three functions (performed in reverse order), plus 
é fourth function, called “posifiiienng”, (fig. 3) to ennance the synthetic output speech 


iChen, 1987]. 








Fig. 3 


Table 2 shows the quantization scheme adopted for our CELP algorithm. 
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Spectrum Adaptive Codebook | Stochastic Codebook 
Bits per 34 index: 8+6+8+6 index: 9x4 
Frame gain: 5x4 _ gain: 5x4 
Rate 1133.33 | 1600 1866.67 








NOTE: the remaining 200 bps are used as follows: 1 bit per frame for syncronization, 4 
bits per frame for forward error correction, 1 bit per frame for future extensions. 


Table 2. CELP bit allocation scheme. 


Ill) - CHOICE OF THE INTERNAL WORDLENGHT. 


A fixed point VLSI implementation of the CELP coder raises the issue of the internal 
wordienght width; this must be chosen as a compromise between the requested 
accuracy and the silicon area occupied. Aiso. this internal wordlengnt may be different 
in different parts of the processor (for instance. the accumulator has always extra bits 
to avoid early overflow). From the point of view of wordienght choice, the linear 
prediction is the most cntical computation of the whole algorithm. This fact stems from 
the panicular kind of caiculations involved, requiring the division of quantities obtained 
by accumulation. Since in the propesed architecture ali the calculations are performed 
by the same anthmetic unit, the worclengnt cneice for this unit musi be set uD On the 
severesi conaition. 

Extensive compansons between prediction coefficients computed in floating point and 
fixed point anthmetic with various wordienghts nave been carned out in order to define 
the minimal requirement. The results can be summanzed as follows. 

If the wordlengnt is Deiow ten bits. the linear prediction algorithm cannot converge to a 
significative result. Increasing it over ten bits. significative prediction coefficients are 
obtained, with aifferences from the reference ones (floating point) decreasing with 
increasing wordlenght. Taking inte account the ensuing manipulations (LSP encoding 
and coarse quantization) the additional accuracy obtained with wordiengnts over 16 
bits becomes negligible. For this reason a wordlenght of 16 bit has been chosen. To 
obtain the best results. some intermediate operations have been customized in a 
Suitable manner: for example we have introgucedc rounding after multiplication and 
ordered some arithmetic operations in a suitaDie sequence. 


Similar tests have been carned out on the two stage V.Q. procedure. In order to 
decoupie the effects of the linear predictive part of the algorithm, initially the two 
analysis by synthesis procedures were tested (with wordlenghts of 8,12 and 16 bits) 
using the "reference" spectral coefficients computed in floating point. 

The final result was that 8 bit are sufficient to obtain an intelligible, though distorted, 
synthetic speech; with 12 bit results are fairly good; with 16 bit the quality is neany 
indistinguishable from that obtained in floating point. 

When the algonthm is all implemented with the chosen 16 bit wordlenght there is a 
very little degradation of the overall quality, nearly totally accountable to the linear 
prediction block. 


14 








IV) - SYSTEM ARCHITECTURE. 


System architecture is depicted in figure 4. 





TORE 











The system is controlled dy 2 icroprocessor that senas commands. data anc 
parameters anc reac 5 2t2 and status iniormation througn a host interace, 
Organized arounc 42 4 bit adcress bus, an 8 bit data Dus and three dedicated signals 
(WRITE, DATA STROBE. READY). 

Commands are stored in the COMMAND REGISTER. connected to the CORE 
through a decoder: a bidirectional register (M/S) noias fiags with current mode and 
Status information: 3 ADDRESS REGISTER are usec as pointers to internal or external 
memory; and iour DATA REGISTERS are used ior aaia iransiers. 


r 
ad 
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The DRAM interiace is made up of a 4 bit data bus. ‘1 bit multiplexed address bus, 7 
contro! signais ( (RASO- 3, CAS, WE, OE); up to 16Mbits of external memory can be 
connected using ‘our 1Mbitx4 chips or one 4Mbitx4 chip. allowing about 60 minutes of 
coded speecn to de recorded. Bandwith requirements are very loose, sO special 
modes for fast access (fast page mode, interieaved mode. nibble access mode) are 
not implemented. 

To ensure a correct REFRESH cycle, the interlace generates a “continuous” CAS 
BEFORE RAS signai that can be interrupted by 4 reac or write request; in this case the 
DRAM interface changes controls signal in order to ensure the correct read or write 
Operation. 


Figure 5 depicts read operation timings. 





















































Fig. 5 


If tRAD = 50 ns, tASC = 50 ins. tCAS = 100 ns and tRP = 200 ns. we have a cycle time 


of 400 ns. 
DRAM and host interface are tigntly connected in order to allow a jasi access from the 


microprocessor to the external memory. 


The channel interface provides four dedicated pins: SERIAL DATA IN. SERIAL DATA 
OUT, CLOCK_A anc SYNC_A. The converters interface joliows ine sianaard serial 
protocol of combos and L/A devices. providing three dedicated pins: SERIAL DATA 


VO, CLOCK_B, SYNC_B. 


The CORE can be civided into four blocks, as depicted in figure 6: Chip Control Unit, 
ALU, MEMORIES and //O. 





1 ay ecu 



































a 
————— 
MEMCRIES 1/0 
Fig. 6 








The CCU (fig. 7) performs instruction fetch, instruction decoding, hardware loop 
control, branches and subroutine calls coritrol. 
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Referring to figure 7, 4 new insiruction is read from memory every 50 ns, and after 25 
ns the instruction is stored in the PIPE REGISTER; at the same time the new 
microprogram address !s latched in the MICROPROGRAM COUNTER register; in the 
next 25 ns it is possibie to cnange this address, in case of microinsiructions that modify 
the microprogram flow. 

The CONTROL LOGIC biock contains counters and registers used to perform 
instructions loops anc nesiec icons with very iow overhead, whiie the STACK !s a 
separate internal memory tnat stores the contents of severai registers in Case of 
nested loops. branches and subroutine calls. 


The ALU block of figure 6 is a fixed point arithmetic unit that contains a 16x16 bit 
multiplier, a 22 bit acaer/subdtractor. a 32 bit barrell shifter and a set of dedicatec and 
general purpose regisiers . 


Tne MEMORIES biock of figure 6 contains an ADDRESS GENERATOR UNIT; in order 
to optimally exploit the ALU we generate, in a 50 ns time slot, two new read addresses 
and one new write address with the timings depicted in figure 8, that also shows the 
pipeline of the ALU and ADDRESS GENERATOR UNIT operations. 





@*:S'RUCTION a . CMSTPLC TMD ne 











ADDRESS GEPFRATOR UNIT SLOT 
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Fig. 8 
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1) latch NEW ADDRESSES for READ 

1-2) READ RAMS 

2) latch DATA for new ALU operations and RESULTS for WRITE 
2-1) WRITE 


1-1) NEW ADDRESSES GENERATION 
2-2) ALU OPERATIONS 


The I/O block of figure 8 contains two RAMs used as buffers for temporary storage of 
speech samples : the input RAM contains one speech frame daunng LPC analysis, 
while the output RAM must store only one sudirame . 


all r 


The core architecture has been designea for use in a numerically intensive application: 
three data busses and three address busses |ink the ALU block with the MEMORIES 
diock in order to read in parallel two RAMs and write a result of a previous elaboration 
into a third one in a single time-slot. The CCU biock features two more internal busses, 
a program data bus and a program address bus, while there are two different acdress 
generation units, one for the internal memones and one for tne external aynamic 
memory. 


Moreover, the core architecture differs from most commercial DSPs in loop control. 
Inside the CCU there is dedicated haraware to control software siructures such as 
loops and “nested” loops with control indexes function of outer loops variables; this 
highly reduces program overhead and imoroves equivalent chip rating. 


The ADDRESS GENERATOR UNIT for internal memories comains two dedicated 
arithmetic units, separate from ALU, one with an 8 bits parallelism dedicated to 
address generation for RAM READ operations and the other with a 9 bits parallelism 
for RAMs WRITE and ROM READ operations. In a 50 ns time siot each oid acaress 
can be automaticly incremented or decremented. generating the new addresses. 

Data management is simplified and optimized taking advantage of the structure of the 
algorithm and of the fact that only memories of reasonable size are needed: five 
different RAMs are used for data and parameters, each with a maximum Geep of 240 
words. 

Also, the core automatically handles modulo anthmetic for efficient circolar buffers 
management. 

Fig. 9 shows the timings of a generic instruction loop, i.e. a(n)xb(n)-->c(n): 
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Fig. 9 


‘) latch NEW ADR 

*-2) READ 

2) latth DATA in ALU REGISTERS 
2-1) WRITE result in RAM 

*-1) new ADR generation 

2-2) ALU elaboration 


V) - CONCLUSIONS. 


A flexiole VLSI architecture nas seen shown, allowing the efficient implementation of a 
CELP coder providing high speech quality at 4800 bits/s. 

The chip can find applications in mobile and rural telephony, secure and personal 
communications, Mobile Satellite (MSAT) and International Mantime Satellite 
(INMARSAT) Communications: its built-in DRAM interface makes it suitable for low- 
cost solid state recording. 

Future work will be devotec to the task of integrating external A’D and D/A converters 
in a single chip. 
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Microelectronics - Key to advanced system solutions in digital 
communications 


L. Lerach 


Siemens AG, Semiconductors Group, Munich 


Driven by the need for improved communication in todays society, the field of 
telecommunication has experented a deep-going technologient breakthrough with significant 
consequences over the past two decades. The lates: and mos: dynamic sector is undoubtedly 
wireless communication using both analogue and innovative digital transmission techniques. 
The technical and economic foundation for advanced communication technologies was 
basically iaid by the tremendous advances achieved in the tieid of microelectronics. Due to 
the chalienging requirements concerning functional complexity, power consumption, compac: 
equipmen: design and low cost at high volume production. in the field of mobile 
communications, microelectronics will more than ever play a decisive factor in the further 
development and the competiuveness of equipment manufacturers products. 

To achieve the necessary outstanding innovations in system- and terminal-design with fast 
response to market needs, different design methodologies are appropriate. While first 
prototype and low volume soluuons are mostly realized based upon available standard 
componenis. gate arrays or celi-library solutions developed by the »\ siem houses, for high 
voiume applications. under extreme cost pressure and stnngent peri: i mance requirements. 
highiy opumized dedicated IC solutions realized in close cooperain:: between system expers 
and IC manufacturers are most effective. This type of two phase pr. cedure we see being used 
for GSM terminais presently. 


To enter successfully into the market for compiex microsoludons for future wireless 
communicanon products semiconductor suppliers have to show major success factors such as 
close svstem relations. availability of system specific VLSI macros and circuit experuse, 
powertul CAD tools and appropnate state of the art process technologies and fabrication 
facilines. Furthermore application and marketing expertise locally available at the customer 


base is necessary for supporting the IC-user to take advantage of these complex devices. 
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The combination of high frequency circuitnes in the frequency range of up to 1.8 GHz, 
together with the need for extremely complex digital signal-processing and conrrol as well as 
speech processing with low band width, results in specific technology demands and will in the 
long term influence process development and IC-packaging strategies. State of the art 
technologies used are 1.5 micron oxide isolated bipolar processes achieving a transit 
frequency in the range up to 10 GHz for RF circuimes and | micron CMOS technologies with 
high packing density, low power consumpnon and suitabilir. for mixec anaiog and digital 


circuits for the audio and DSP pan. 


Reduction of System chip count and power consumption, incorporauon of further functions 
such as speaker recognition, and RF performance improvements wiil oe sossibie in future 


based on the inroducuon of submucron bipolar. BICMOS anc CMOS srocess generations. 


Besides advances in process technology and fabrication techniques. ihe decisive factors for 
system innovation will be the skilfull implementation of svstem anc aigorithm know how, and 
the mastery of component complexity with factors 10 to 100 umes greater than presently 


available. To make this possibie, close partnership Detween system, CAO and semiconductor 


experts is an important ingredient. 
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Driven by the need for improved communication in todays society, the fieid of 
telecommunication has experented a deep-going technologient breakthrough with significant 
consequences over the past two decades. The latest and most dynamic sec:or is undoubtedly 
wireless Communication using Doth analogue and innovative digital transmission techniques. 
The technical and economic foundation for advanced communication technologies was 
Dasicailv laid by the tremendous advances achieved in the field of microe!ecrronics. Due to 
the challenging requirements concerning functional complexity, power consumpuon, compact 
equipment design and low cost at high volume production, in the fie!d of mooie 
communications. microelectronics will more than ever piay a decisive factor in the further 


deve:opment and the competitiveness of equipment manufacturers procucts. 


To achieve the necessary outstanding innovations in system- and terminai-design with fast 
response to market needs, different design methodologies are appropriate. While first 
Orototype and iow volume solutions are mostly realized based upon availabie standard 
components. gate arrays or cell-iiprarv solutions developed by the svszem houses. for high 
volume applications, under extreme cost pressure and stringent performance requirements, 
highly oprimized dedicated IC solutions realized in close cooperation between system experts 
and IC manufacturers are most effective. This type of two phase procedure we see being used 


for GSM terminals presently. 


To enter successtully into the market for complex microsolunons for future wireless 
communicauon products semiconductor suppliers have to show major success factors such as 
close system relations, availability of system specific VLSI macros 2nd circuit expertise, 
powerful CAD tools and appropniate state of the art process technologi¢s and fabrication 
facilities. Furthermore application and marketing expertise locally available at the customer 


base is necessary for supporting the IC-user to take advantage of these complex devices. 


23 














The combination of high frequency circuites in the frequency range of up to 1.8 GHz, 
together with the need for extremely complex digital signal-processing and control as well as 
speech processing with low band width, results in specific technology demands and will in the 
long term influence process development and IC-packaging strategies. State of the art 
technologies used are 1.5 micron oxide isolated bipolar processes achieving a transit 
frequency in the range up to 10 GHz for RF circuitmes and 1 micron CMOS technologies with 
high packing density, low power consumpton and suitability for mixed analog and digizal 
circuits for the audio and DSP part. 


Reduction of System chip count and power consumption, incorporation of further funczons 
such as speaker recognition, and RF performance improvements will be possibie in future 


based on the introducuon of submicron bipolar, BICMOS and CMOS process generations. 


Besides advances in process technology and fabrication techniques, the decisive factors for 
system innovation wiil de the skiifull implementation of system and aigontnm know how, and 
the mastery of component complexity with factors 10 to 100 umes greater than present 
available. To make this possible, close parmership between system, CAD and semiconductor 


experts 1S an important ingredient. 
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dasically taid bv the tremendous advances achieved in the field of microelectronics. Due to 
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VOLuMe 2cciicaiions, under extreme cost pressure and stringent performance requirements. 
meniv optimzed dedicated IC soiunons realized in close cooperation between system experts 
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facilities. Furthermore application and marketing experuse locally available at the customer 


base 1s necessary for supporting tne IC-user to take advantage of these complex devices. 


2) 











The combination of high frequency circuitres in the frequency range of up to 1.8 GHz, 
together with the need for extremely complex digital signal-processing and control as well as 
speech processing with low band width, results in specific technology demands and wiil in the 
long term influence process development and IC-packaging strategies. State of the art 
technologies used are 1.5 micron oxide isolated bipolar processes achieving a transit 
frequency in the range up to 10 GHz for RF circuimes and 1 micron CMOS technologies with 
high packing density, low power consumpuon and suitability for mixed analog and digical 
circuits for the audio and DSP part. 


Reduction of System chip count and power consumption, incorporation of further functions 
such as speaker recognition, and RF performance improvements will be possible in future 
based on the introduction of submicron bipolar, BICMOS and CMOS process generations. 


Besides advances in process technology and fabrication techniques, the decisive factors for 
system innovation will be the skilfull implementation of system and algonthm know how. and 
the mastery of component complexity with factors 10 to 100 tmes greater than presentiy 
availabDie. To make this possible, close partnership between system, CAD and semiconductor 
experts is an important ingredient. 


26 








"COPPER ON CERAMIC"! CIRCUIT BOARDS FOR HIGH FREQUENCY APPLICATIONS 


Dr. D. Jaculi, H. Gernoth, HOECHST AG, Frankfurt am Main, Germany 


1. Introduction 





Advanced integrated circuit technologies require new solutions for 
connecting IC-chips with their environment: miniaturization is the 
key word for designing the so-called "printed" circuit boards. 
Increasing integration density leads to increasing heat evolution, 
so that modern base materials must possess high thermal capacities 


(Fig. 1}. Ceramics, e.g. alumina substrates, fulfil these 
requirements. 
On the other hand, mobile communication systems demand electronic 


devices which are extremely reliable even in the high frequency 
area. Therefore, copper on ceramic circuit boards (CCC-boards) 
offer a good alternative in the low-cost/high-tech field of 
electronic devices (Fig. 1). 
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2. Copper on Ceramic Process 





To cover 
=o 


alumina 


substrates 


liowing process steps (Fig. 2): 
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copper, we favour 
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First, the as-fired surface is roughened in order to enhance the 
adhesion strenath of the deposited copper. We prefer an etching 
process with strong inorganic acids at elevated temperatures. 


Copper deposition follows a modified chemical reduction sequence 


wnscn 2S well Known in "classical" printed circuit board 
manuzacturing (Fig. <2): the substrates are pretreated by dipping 
caem Into a datn cr palladium-tin colloids and activating them by 


an acid solution. The thus prepared catalytic centres initiate the 
folLowing chemical reduction of copper. By varying the exposure 
time in the chemical copper bath, copper layers of thicknesses 


— =~. 


between 0.1 and 10 microns can be achieved. 

Decvenaing on tne specitic arvlication, either a semiadditive or a 
Subtraccive metnoa can de used to build up the circuit lines. For 
Simplicity’s sake we show here the semiadditive path (Fig. 3): the 
onctoresist is laminated cnto the chemical copper layer, it is 
~maced and deve.opec, ana finally galvanic copper fills the resist 
trenches up to the sesires copper thickness. 








-n@ @anesion <rorse cannct se determined directly. However, twe 
Qijiferent mectncas are wei. established to measure the connectinc 
Sirengtn between corver ana the alumina substrate: they are callea 
Ne Puil- anc veei-test 
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For the pull-test small pins are soldered onto the copper 
layer. The testing-machine (Fig. 4) measures the force to tear 
these pins off the basic substrate. The resulting force per 
unit area is called the pull-strength. For CCC-boards, it 
always exceeds a value of 30 MPa, the pull-strength for epoxy- 








glues. 

- To perform the peeling-test, small strips of copper are ‘torn 
off at an angle of neariy 90 degrees (Fig. 5). The peeling- 
value is the ratio of the average peel-force and the torn-ort 
width. For CCC-boards, it is always greater than 0.6 Nmm 

3.2. Electrical properties - 

The electrical resistance is a function of the copper thickness. 

ADplying a simple test method, if the layer exceeds about 5 


licrons, the resistance will decrease to the value of pure coppe 
(Fig. 6). 


for high-frequency applications the skin depth (Fig. 7) is a 
Significant parameter. Up to 500 MHz the skin effect takes place 
in the upper 5 microns of copper. In the GHz-area it falls down 
Selow 2 microns. 


AS a conclusion, for most practical applications a minimum copper 
‘-hickness of 5 microns seems to be reasonable. 
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3.3. Vias and Line-Resolution 





Vias are "shot" into the as-fired ceramics by a laser. Through- 
hole metallization is possible in vias with only 150 microns 
diameter or greater (Fig. 8). 


Photoresist imaging allows to decrease line width and spaces down 
so 50 microns (Fig. 9). Fine line technology also produces circuit 
lines with an exact geometry which is essential for high frequency 
applications. 


4. Hiqh-Freaquency Applications 





The properties of a high-frequency amplifier depené on che applied 
frequency and the geometry of the circuit lines (Fig. 10). The 
amplification power (Fig. 10: upper curve) remains constant in the 
lower and mecium ‘frequency region. It breaks down only at very 
nian frequencies. 


The measured reflexion power is extremely sensitive for geometry 
failures. AS shown (Fig. 10: lower curve) the reflexion losses 
tend towards a minimum at medium frequencies. 


Compared to tne same circuit in thick film technolocy, the CCc- 
ccards snow petter high frequency properties due <= gi 
geometrical resolution. 
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5. Conclusions 





Copper on ceramic circuit boards combine the advantages of ceramic 
base materials and fine line technology: high thermal conductivity 
and exact geometry of tne circuit lines. 


Mobile communication in the future will undoubtedly be dominated 
by high frecuency techniques. An ideal tool for modern 
S 


communication systems is represented by copper on ceramic circuit 
boards, which are successfully applied even in the upper GHz-band. 
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FINISHING OPTIONS FOR FINE PITCH ASSEMBLY 


FPTfinish. txt William W. Burr, Technical Director 
Lares Cozzi SpA, Paderno Dugnano (MjJ), Italy 


1. Introduction 


The need to assemble high I/O components packaged both individually and as multichip 
modules is generating considerable interest and activity at the printed wiring board level. 
The general perception is that existing solder coating processes based on either hot air leveled 
or conventional IR retlow will not be capable of providing the uniformity and control needed 
by the coming generation or rine pitch packages. These are taking a number or torms, but 
those presenting the most significant challenges at the board and assembly leve! seem to be 
the so called SQFP (shrink quad flat package) configurations which are an extension of the 
ELAJ QFP package ‘amilv: the ELAJ outline remains constant while lead pitch decreases to 
reflect the need tor higher I/Os, while the JEDEC QFP maintains a standarc ijead pitch of 
.025". Therefore at nign iead counts, the SQFP package will go to alead pitch or 0.3mm. Lares 
has had experience witn 520 I/O packages requiring 0.25mm leads on 0.4mm centers, and 
this report is intended to present some ot the impressions resulting trom this activity. The 
objective was to evaluate the capabilitv of various finishes to provide an attacnment suriace 
or controlled thickness, considering also the solderability of these tinisnes in in assembly. The 
termination methods assumec :o De reauired will demand the use ot controlled stencil 
sections, fine particle solder paste, vision recognition and IR reflow ina screen paste/mount/ 
reflow sequence that will provide good results down to approx. 0.5mm lead pitch. Beiow 
that, two trends are emerging: the industry will look to the pwb ‘abricator tor a fusible 
overplate consisting ot closeiv controlled solder deposits on the component Dads which will 
reduce or eliminate the need o; the assembier to screen sOider Daste, OF Daste ‘flux svstems 
which represent a significant departure trom general practice will de used over 2 nonfusibie 
finish. 
2. Fusibie Overpictes 
2.1 Hot Air Solder Leveling 

While the doubts expressed bv manv users as to the possibilities tor controi of solider 

leveling for FPT assemdiy 

have been ampiy justified | Fig. 1: Soider Deposit Thickness vs. Pad Dimensions 
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within a given set of pad dimensions’. Product literature and user reports indicate these 
processes can realize a standard deviation of <2, and while the horizontal technique 
remains sensitive to the interaction between solder surface tension, airstream impact, and 
pad dimensions as shown in Fig. 1, productivity and reasonable facility cost will make 
this option hard to beat for price/ performance ratio. FPT patterns in the test series were 
hot air levelled on a vertical machine (conventional technology). The nominal values seen 
below do not include areas where solder coverage decreased to less than 1 micron, 
although these were observed on some or the FPT footprints. 


FPT SQFP: Observed mean: 14 Standard Deviation: 4.7 
Thickness distribution on pad: 





Fig. 2: Deposi: Geometry: Hot Air Leveled Finish 
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2.2 Retlowed Solder 
This option offers :he Dest repeaiadilicv o: she fusidie overpiates, but suffers from two 
disadvantages that are commor. to Doth electropiated and electroless finishes: 





- topography /maximum thicxness is nigh!v dependent on pad dimension 
due to contact angie/surrace :ension or soider 
high densitv patterns shouic De copper oniv, requiring two imaging steps 
‘added cost) 
While the requirement tor a second imaging step is common to all selective finish tech- 
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pattern that will permit good encapsulation by the resist used to protect the electrodepos- 
ited SnPb during stripping of the rest of the pattern. This will leave “stubs” of fused SnPb 
under the soldermask, as shown in Fig. 3. While this has not caused any problems in the 
past, it may take some getting used to for those customers used to seeing the sharp 
definition of a Hot Air Leveled finish. Another area of concern is that it will be difficult to 
obtain a thickness of 25-35 : even though the electrodeposited finishes offered-the best 
mix of overplate thickness and uniformity, previous experience has shown that achieving 
a mean value of 30 of reflowed SnPb pushes a conventional electroplating facility 
towards economical limits of the process. Typical deposited thicknesses of SnPb used as 
etch resist or as a conventional reflow finish range from 7 to 15 . A further difficulty has 
been that achieving this thickness without reducing productivity /increasing cost requires 
higher current densities which in turn tend to cause an increase in deposit thickness 
variauon. 

FPT SOFP: Observed mean: 13.7 Stancard Deviation: 2.1 

Thickness distribution on pad: 





Fig. 4: Deposit Geometry: Reflowed Soider 
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2.3 Nonreflowec Solder 


2.4 Screen Soider Paste (pwb fabricator) 





This finish has been considered due primarily to the excellent pianaritv which can be ob- 
tained from a nonretlowed SnPb deposit: the standard deviation was the lowest of all 
finisnes observed except the non-tusibie overpiates and passivated copper. The unknown 
here is solderabiiitv retention: the lead component in the unrerlowed deposit will tend to 
oxidize over time, requiring agressive fluxes for activation. Available solder volume is a 
further consideration: being an electrodeposit, this finisn has the same thickness limits as 
noted in (2.2). However, it offers the 

potential for an impressive level of |Fig. 5: Electrodeposited Soider Geometry 
control as suggested by the observed ; 

results: . 
Mean: 11.2 

Standard Deviation: 0.9 

Thickness distribution on pad: Fig. 5. 








This approach has so far given the best 
results with regard to total thickness, 
although the process window is very |< pap od 
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narrow. The need to use materials and manufacturing processes compatible with large 
(500 x 600mm) panel sizes reduces the degree of freedom normally available to this 
technique in an assembly operation, and the line between excessive numbers of pits in the 
reflowed deposit and shorts is very fine. The incidence of shorts between FPT pads on 
0.4mm centers suggests that the maximum thickness possible using a “window” (nonreg- 
istered) definition suitable for large area printing is approx. 25 . As is evident from the 

standard deviation, tolerances associated with this approach may require adoption of 
assembly tvpe single board automated processing by the pwb supplier. 


FPT SOFP Test: Observed mean: 23.6 Standard Deviation: 8.3 
Thickness distribution on pad: 





Fig. 6: Deposit Geometry: Reflowed Solder Paste 
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Recent developments in paste and process technology introduced at the JPCA in June 
suggest that the lower limit for solder paste processes may not be reached even at 0.3mm 
iead pitch. Tn-ee kev factors are contributing to this evolution: 

- stencil mater.als and construction 

creens usec ‘or fine pitch assemolv are tending towards composite construction (metal 
tencil supported bv “tetlon’ fiber or stainiess stee! mesh), while stenais utilize allovs such 
S nickei-cobait which exhibit minimum undercut/irregularities in the etched stendl 
openings and make exte.sive use or half-etching tor local control ot stencil thickness; 


mwa 


bu 


- solder paste composition and process 

rine particle pastes are being seperated trom fluxes, enabling the rheology ot the pastes to 
de controlled based on resolution: flux is applied in a seperate step after paste is screened; 
- process control 

processes make extensive use of automatic registration systems, microprocessor con- 
troilec printing parameters, anc automation for process uniformity and control. 


Tvpical resuits of one of these processes are shown in the following table: 
Table 1: Thickness Characteristics of Sonv “Super Solder" Process 





Technology, mm: 0.5 0.3 Bump 
nominal deposit thickness, m: 50 20 5 
tolerance (26), m: 5 2 1 


2.5 Photodefined Solder Deposit 





There are two processes under advanced stages of development which utilize either a 
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permanent dry film soldermask or strippable temporary mask to define the solder 
deposit. The unique feature of both is the formation of essentially flat topped deposits 
through application of an in-line “micromolding” technique. 

siPad 

Developed by Siemens?, this process uses a conventional dry film soldermask as the 
photodefinable resist in the following sequence: 


- apply dry film soldermask to pwb 

- expose, develop, cure 

- screen solder paste in open “pockets” 

- reflow paste 

- flatten deposit 
The result of this process is a solder deposit equivalent in height to the thickness of the drv 
film soldermask. Solder “dams” (webs imaged between pacs) are required, and the 
process will accept a clearance window around the pads due tc the pullback effect of the 
solder paste. 
OptiPad 
Invented by Dr. D. Friedrich of SMW? this process uses a temporarv mask developed by 
DuPont to detine the solder ceposit shown in Fig. 7. The mask can be applied over anv 





i 





Fig. 7: SEM Photo of Soider Pads Manufactured using Optipad Process 
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solder resist, providing a derined deposit thickness of 50 or 125 m. The process sequence 
Starts with: 

‘finished pwb, soldermask coated, imaged, and cured 

- vacuum laminate Optimask resist 

- expose, bake, develop (acqueous) 

- UV cure, bake 

- solder coat/ flatten 








- Strip resist 
 postbake 


Optipad offers several process advantages: 


+ Complete tlexibility of choice regarding soldermask 

+ Solder deposit thickness is independent of mask thickness 

+ No solder paste printing required 

+ Solder coating / flattening is in-line panel process 
Disadvantage or both processes will be finished board cost: although the SiPad process 
does not require the additional photosensitive materials and processing of Optipad it is 
still necessarv to screen soider paste and the resist cost is tied to that of dry film 
photosoidermask. Clearly an analysis of cost effectiveness of these processes will have to 
look much more deepiy thar. board cost per unit area. 


3. Nonfusidieé rinisnes 
The choice here tor FPT appiications is between nontusidie overpiates which maintain 
solderabiiitv (and provide a high ieve! of corrosion protection tor exposed metallic surfaces 
arter assemodiv) and various tvpes Of passivation agents and/or orefluxes which protect/ 
nhance copper solderapilitv Dut have corrosion protection capability after assembly which 
iS 's highly dependent on end use environment. 
Passivated Copper, Pretlux 
‘Passiv ated copper finishes provide corrosion inhibition of exposed copper either through 
the formation of nitrogen Dearing complexes in the suriace of the copper or through the 
formation of a discrere tilm on ine copper surface. These iinisnes nave been widelv used 
in the Far East tor manv vears, anc this finish Is also used extensively in Europe by a major 
US computer manuracturer. It has the significant advantage of presenting a surface whicn 
is as flat as the underiving copper foil and electropiate to the assembly operation, and 
provides solderacilitv retention in controlled storage of 6 months or so depending on flux 


‘pes used. Some probiems nave been seen with passivated copper in that the evolution 
of assemDiv sequences requiring multiple thermai exposures of various types (IR, Vapor 
Phase Rerlow, Soider \Wave) has shown that under certain conditions solderability or 
Dassivated copper will not be maintained due to the tendency or the inhibitors to degrade 
at elevated temperatures. Work to date with no-clean fluxes / pastes suggests that the 
quality of the soicer ‘oint is dependent on the volume of flux within the solder paste 
deposit available to clean/activate the copper surface: processes which have beer 
developed for use over not alr leveled or other pretinned surfaces tend to give problematic 
results over passivated copper which has already been through a reflow cycle. The most 
common form of defect are nonwetted areas on the pad and inadequate fillet formation: 
both suggest that there isn’t enough paste and ‘lux available to do the job. Another 
alternative, “Mecorite 4000”, is a combined inhibitor-pretlux process developed by MEC 
of Japan and Sonv to overcome this problem ot solderabilitvy degradation through 
multiple thermal exposures. This process is enjoying rapid growth in the Japanese market 
and is becoming available in Europe. Compatibility of the preflux with no-clean process- 
ing needs to be verified based on end use application. 
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3.2 Nickel-Gold 


e Solderability 
When used as a solderable finish thicknesses are nominally 5 of Nickel and 0.1-0.5 of 
usually “hard” or cobalt gold, 99.9% pure, hardness 160 V.P.N. Gold thickness is kept to 
a minimum to avoid excessive contamination of the SnPb alloy through intermetallic 
formation. Due to the highlv soluble nature of gold in tin, the wetting characteristics and 
solderability of a gold finish are excellent and will not degrade over time provided that the 
gold is neither contaminated nor permits oxidation of the underiying nickel. In effect, the 
solder joint is formed between nickei and the SnPb alloy, while the gold goes completely 
into solution. 


This solubility can cause reliability probiems due to embrittlement or the solder joint if the 
Gissolved gold content is too high. An AuSné6 intermetallic compound forms which 
weakens the mechanicai characteristics ot the joint. This condition Is s2en as a dull, matte 
appearance ot the solder, and is the primary reason behind maintaining tne goid at the 
absolute minimum necessary to protect the nickel while operating at 2 manutfacturable set 
of process conditions. For electrodeposited gold this minimum depenas on cell geometry 
and line transport characteristics, as the minimum current density level necessary to 
activate the anodes tends to focus primarv control of deposit thickness on immersion time 
in the cell. Acommon minimum is approx. 0.3 ,and the applicable thickness specis “gold 
flash: 0.5”. It is recommenced thai a silver bearing paste (62Sn/36Pb/2Ag) be used 
when soldering to gold due to the tendency of the silver componeni to reduce the AuSn6 
intermetallic formation, and that the gold be held to the minimum recommended above. 
Solder volume should be kept as iarge as possible, using a 0.2mm stencil thickness with 
no more than 75 difference between deposit width ana pad width. 

All commonly used flux types are compatible with soldering to nicke! / gold tinisnes: the 
choice here depends on the user’s Cleaning requirements. 





* Thickness Uniformity 

For electroplated finishes the best results regarding thickness unirormitv are obtained 
when the finish is “fui!” as opposec to “selective”: only in the tull gold process is a 
compietelv uniform buss structure availiable in the form of the copper roi! underiving the 
electroplated circuit pattern. In the seiective approach, the nickel and gold deposition 
depends on the existence of te lines within the circuit pattern which wil! guarantee that 
the entire pattern is short circuited together. These invariably present different series 
resistances, with the result that it :s duricult to obtain thickness distributions (primarily 
in the nicke! laver) better than 50%, and excursions of three times the specified thickness 
are difficult to avoid in isolated areas. The presence of a uniform buss structure in the full 
sequence improves the tolerances to 30‘: or better provided that gooc design practice 
(minimum of isolated or “point” radiators, liberal use of thieving and hatched shield areas 
to balance current distribution) is roilowed. Further advantages to this approach are that 
the added complexity of tielines in the crcuit is eliminated as is the need to drill or route 
out the shorting nodes during final tabrication. The disadvantage is that the use of a non- 
fusible overplate as an etch resist will leave an overhang on the conductor edge of up to 
the thickness of the base copper in width. This may cause encapsulation difficulties with 
dry film soldermask and may also provide point radiation problems at high (RF) 
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frequencies. A further concern at high RF is that the development of a “skin effect” in the 
conductor as the signal charge transfer moves to the outer perimeter of the line will cause 
changes in signal propagation characteristics due to the variation in resistivity between 
the overplate and bulk copper. At 900 MHz, the active area of the conductor is only about 
5 microns thick, implying that the signal travels entirely in the overplate. 


Immersion or electroless gold represents an alternative to electroplated gold in those cases 
where an allov is not required for hardness or wear resistance. The electroless process 
deposits a thin (<0.1) immersion gold coating over a nominal 5 deposit of nickel- 
phosphorous alloy. The process requires activation of the copper surface: the palladium 
dased catalvst enables selective deposition of the nicke! and subsequently gold on all 
exposed copper surtaces. The electroless nature of this process guarantees both a very thin 
coating of gold and an effective planaritv similar to that of the underlying copper deposit 
without the bussing prooiems of electropiated finishes. 


4. Conctusion 

Gold orers many advantages as a protective overplate in an assembiv environment where 
eventual contamination of a wave solder line is not a problem. It is flat, inert, and non-fusible, 
anc nas excellent soldering characteristics under a variety of assembiv conditions. AuSn6 
intermetallic formation can De controlled through minimization ot the goid content in the 
soider (minimize goid thickness/ maximize soider paste volume), however critical applica- 
ions should be characterized bv vibration testing. The maior disadvantage toits use in reflow 
assembiv is cost, and a iong term view should monitor other deveiopments such as 
Dailadium nickel or copper, nickel / tin. A further disadvantage regarding FPT is theneed tor 
2 GeDosit Of soider paste: wnile this: 
Drodiematic as pitches decrease to 0.4 - 
Reflowed solder finishes offer good potential for FPT assembly, however the total solder 
volume requirement needs to De well understood to permit both process and eventual facility 
Gefinition. Initial work supported by IBM Canada‘ has applied the Laplace equation of 
capiliaritv to lead geometries tvpical of various FP packages (TAB, SOFP, etc). Considering 
-ne total solder joint volume reauired (as opposed to paste volume) for fillet heignts trom 0.2 
:0 U.3mm, respective volume requirements will be from 0.01 to 0.80mm’. This represents a 
deposited soider thickness or 65-85 ona0.25x 1.5mm pad, assuming wetting requirements 
ot the pad surface outside the immediate foot area of the device lead are negligible. Even so, 
these thicknesses are from 6 to 10X the vaiues normailyv encountered in conventional 
subtractive processing. From a process standpoint, it will also be necessary to characterize 
finished reflowed solder thickness for various pad geometries, as the topograpnv of the 
solder is strongly dependent on the relationship between the solder wetting angie and the 
dad dimensions in X and Y. While a nonretlowed finish does not present these problems. it 
is Dorous, subject to contamination during processing, and degradation of solderability as 
the lead component oxidizes. 

Hot Air Leveling has not reached the end or its possibilities as a finishing technique, but 
vertical processes tend to be characterized by excessive variation at the current state of the 
art to be considered as a viable option for FPT. Horizontal offers significant potential. 


Therefore a possible order of priority for FPT finish evaluations would be the following, in 
which process compatibility has been weighted slightly ahead of cost and flatness. Cpk is 


S 
a 
U.oO™mM. 
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used due to variations in applicable specs: the objective here was more to see how consistent 
each process was, and so the capability index is referenced against a toierance field of 12 m. 
Fusible and nonfusible overplates are considered seperately due to the non-applicability of 
the capability index and fundamentally different approach to assembly processing repre- 
sented, however the rating scheme used is the same. 


4.1 Fusible Overplate Options for FPT 








Process Cok Process* Cost Rating** 
Horizontal HAL 2.35 10 1.02 92 
Photo Solder*** 2.67 10 1.18 9] 
Reflowed SnPb 1.79 9 1.06 64 
Nonreflowed SnPb 4.40 3 1.06 50 
Vertical HAL 0.85 10 1.03 33 
SnPb Paste (Panel) 0.48 § 1.06 14 
4.2 Non-Fusibdie Finish Options 

Immersion Gold — 10 1.16 208 
Electroplated Goid — 8 1.25 153 
Passivated Copper — 6 1.00 144 


. Process compan ouity index: i0= no impac:/minimal changes required to introduce 
** Weighted index. Maximum (Cpk=6.00, Process= 10, Cost = 1.00): 240 

*** Estimated values 

Based on the analysis presented earlier in this report and therelative weights given to flatness 
(30%), process compatinility (40%) and the relative cost of pwbs manufactured using the 
various processes (350%), the clear choices are horizontal hos air leveling or the photosoider 
process if the assembier requires a tusible overplate. In the case or the pnotosoider process. 
this affords the possibilitv of eliminating solider paste printing during assembiy. The mos: 
cost/ performance er‘ective finish amoung those looked at so far for pwbs going into an FPT 
assembly process using solder paste is immersion gold. 
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HOW COMBINATION OF MCM AND LTC 
MEETS THE INDUSTRIAL 
MOBILE COMMUNICATION REQUIREMENTS 











A. Forestier Electrical engineenng Manager 
SOREP - B.P. 5 - 35220 CHATEAUBOURG - FRANCE 


Some years ago new materials appeared which modified adanantlia fo concepts and 
industnial processes in the hybrid integration worid. The "Green Tape is what we are 
going to deal with in this paper. 


For four years SOREP and DU PONT DE NEMOURS have established a close 
partnership to develop and industnaiize this new product. As a result it will be possible to 
manufacture as soon as the beginning of 1992 a large voiume of these low temperature 
corired (LTC) ceramic substrates with increased performances at a moderate cost. 


When it is finished, a LTC substrate looks like a common alumina substrate on which all 
common operations of thick film technology may be performed (i.e. screen-prinung of 
resistive pastes or conductive pastes as well as die anacn. bonding or SMD brazing). In 
‘act. this substrate 1s made of the stacking up or several capes on which vias are formed 


and conductors are screen-printed. 


At this stage, let us make a rapid comparison which shows that the LTC substrate is at an 
intermediate level between the PC board and the common thick film alumina substrate. 


Figure | shows transversal sections of the three above menuoned substrates. The PC board 
is characterized by independent and stacked sheets of insulating material (epoxy glass). 
each of them supporting an etchec conductor layer. The common thick film substrate is 
made of an alumina plate on which are alternatively screen-printed insulating and 
conductive layers. Insulating layers contain some holes (or vias) which are filled with 
conductive paste to connect two adiacent conductive lavers. The LTC substrate is a 
stacking up of independent and insuiating sheets (green tape) supporting screen-printed 
conductors, that makes it conceptually similar to the PC board. However conductive layers 
are connected with vias filled with conducuve paste and therefore it has technological 
similarities with the thick film substrate. 


Basic matenals used for LTC manufacturing are obviousiy the tape and the conducuve 
pastes. 


The tape is initially conditioned in 44 inches x 300 foot rolls and may be cut and delivered 
in rolls adapted to the substrate manufactunng tool. Several thicknesses are currently 
available: typically 4'4" (115 u), 6%" (165 uw), 12'4" (315 yw). The tape is composed of a 
mineral phase (alumina grains with glass phase), an organic phase (acrylic resin based) and 
solvents. 


The conductive pastes are of two types: standard pastes which are used after cofiring for 
external screen-printing (Au, Ag/Pd, Au/Pt/Pd) and special pastes used before cofiring for 
internal conductors and vias screen-printing (Ag, Au, Ag/Pd). 
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The substrate manufacturing flow-chart set forth in Figure 2 shows the main steps of the 
industrial process and points out its advantages if compared with the manufacturing 
process for common thick film substrate. 


The first step consists of separating the basic sheets, which are obtained by cutting the tape 
to proper dimensions using a compound die. Registration and orientation marks may be 
punched simultaneously. Each sheet is then dnilled or punched to form the vias and 
receives two screen-printing operations (via filling and conductor printing) and a quality 
control. 


Two significant advantages of the process can be mentioned at this stage: 


- first, thanks to the flexibility of the basic material. punching can be used instead of 
drilling like for PC boards, thus saving much time and cutting costs down: 


- second, because sheets are independent, screen-printing operations may be conducted in 
parallel without intermediate fimng whereas these operations are necessarily serialized 
for common thick film substrates. 


These two features allow to reduce drastically the manufacturing cvcle of the LTC 
subdstrate which duration can be as snort as for the PC board. As far as common thick nlm 
is concerned, we can also noie that the independency of pmnted sheets involves a 
significant cost reduction since a defectuosity on one sheet does not lead to a rejection of 
the complete substrate. 


The third step corresponds to the assembiv operation (collating and !aminauon) leading to 
the manufacturing of a monolithic but flexible substrate due to its organic consiituents. 
After cutting or scribing, burn-in and finng operations are periormed with a view to 
remove any soivents and organic constituents so as to obtain a rigid substrate. 


Among the most significant advantages of the process, it 1s worth menuoning the complete 
automation as well as a strong modulanty. Taking these points into account, SOREP 
decided to set up an automated production line with cassette transfer between the 
machines. To tell the truth, prices are even competitive when comparing with PC boards 
for some applications. By the way. costs can also be lowered by the use of siiver 
conductive layers, whatever their number. 


Another attractive characteristic of LTC substrates is the possibility of obtaining at a 
reasonable price a double-sided substrate with a hermetic separation between the two sides 
while maintaining lay-out density. Indeed. contranly to metallized holes in PC boards or 
standard alumina substrates, vias do no take additional place compared to the tracks. 


The attached table set forth in Figure 3 sums up and compares the electncal and 
mechanical charactenstics of the LTC substrate with other ordinary technologies. 


- Electrical charactenstics 


Let us consider the capacitive aspects. With a dielectric constant of 7 and a distance 
between layers ranging from 100 to 250 um, the LTC grants coupiing capaciues lower 
than 0,05 pf per crossing. The use of silver for connections from one laver to another 
through filled vias and for conductor tracks involves a low resistivity (about 100 mQ/cm 
for 250 um tracks). This shows clearly that frequency operating limits are very high, 
which we can demonstrate with the 2 following examples: 
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1- SOREP has developed large hybrid memory maps on LTC substrates on which 
conductors lower than | pF have been added. The address and data buses allow to 
benefit from the highest performances of basic dice. 


2- SOREP is currently carrying out investigations on 622 Mbits hybrids dedicated to 
telecom applications. In this case, the only necessity is to care for routing, not to 
adapt most of ECL signals. 


As to the physical and mechanical aspects, one can add the possibility of manufacturing 
substrates with an almost unlimited number of layers while keeping costs down (see figure 
4). In fact, the cost of a cofired substrate does not rise exponenually with the number of 
layers for the difficulties due to the positioning of layers are not cumuiative and the yield 
of final assembly and firing operations is very high. 


Moreover, as it is easy to cut green tape foils and thanks to the hermeticity of the matenal 
after firing, we can envisage interesting developments at the integration level. We can give 
some examples: 


- The realization of specific PGA by pin brazing at the back of the substrate. 
- The manufacturing of 3D circuits with the integration of caviues, walls or columns. 


- The complete packaging integrated into the module bv use of an adhesive or brazing of 
a ceramic or metallic lid onto the substrate similariy :o high temperature coriring 
technology. 


- Heat dissipation in the bes: possible conditions by use of an adhesive or brazing of a 
heat sink on part or whoie substrate. 


What about the current needs in modern radio telephone techniques today? This market 
will be dominated by portable, low cost and widely spread equipments. To these industrial 
features, following functional characteristics can be added: these equipments will 
progressively include all telecom areas, from speech to image transmission through data 
and telefax. Some articles in the press already quote investigations on the "pen telephone" 
or “pocket fax". This is the evidence that miniaturization will play a determining role on 
this particular market. 


At SOREP, we believe such a miniaturization at a cost compatible with the industrial 
features of this market can be reached with two important technological concepts: the 
MCM (multi-chip module) and the I.TC. 


The common point of these new equipments is the intensive use of digital signal 
processing circuits. Now, it will take a long time before a sole monochip can perform all 
tasks, from protocol management to user interface management via signal digital filtering, 
data compression, information storage, operation reliability. auto-diagnosis etc. 


It seems thus obvious that for some more years circuitry will need a considerable more or 
less specific (ASICs) number of dice (10 to 30). 


In the same way, there will be a great number of tricky interconnections: the widening of 
data buses to 16, 32 and even 64 Kbits and the acceleration of the operating frequency are 
generally the first solutions to be implemented to increase signal processing performances 
while saving the surface of active silicon. 
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The MCM meets the above mentioned needs by gathering together all individual dice 
under the form of a unique component with high density integration, which improves the 
reliability of the whole function, reduces the assembly costs and takes the miniaturization 
constraints into consideration. It still assumes that the substrate allowing the 
interconnection between dice offers the same advantages. We believe this is the case of 
LTC. 


The bonding of dice on alumina is a process, the reliability of which has already been 
demonstrated. Indeed, it has been used in most of the products devoted to run in severe 
environments. As already stated above. the interconnection complexity does not involve an 
exponential increase of the LTC substrate cost. That is why this is partcularly interesting 
in the case of complex MCM like those to be used in phone pocket terminals. 


Regarding the intrinsic electrical features of the cofired substrate (low coupling capacities, 
low track resistance and low senal inductances due to short connections) and the 
possibility of integrating ground and power pianes at low cost. we expec: digital circuits to 
run at a very high frequency, with a minimum of decoupiing capacities and signal 
adaptauon, thus enabling size and cost reduction while increasing performances. 


Furthermore, with regard to drilling and substrate cutting facilities berore firing associated 
with brazing or reflow operations, it seems that the modules developed with this 
technoiogy will both support various connecuon technologies (flex, ieads. pins, connectors 
etc). In the future, in accordance with the new ergonomy constraints and also to follow the 
fasnion in this area, they may be integrated in complex shapes of substrates similarly to 
PC boards. 


As a conciusion, if MCM are necessary to meet the miniaturization and compiexitv needs 
of portable telecommunication products (pocket telephones. portaoie ‘faxes, mobile 
vermunals, etc.), no doubt that their introduction on the market will gemand perrormani 
and cost effective technologies. 


Following several investigations we do believe that the LTC technoiogy has the necessary 
qualities to fulfill these requirements: 


- a reasonable cost of basic materiais: 

- the possible advanced automation for mass production; 
- a final cost rising slower than compiexity; 

- capacity of integrating both packaging and connection; 
- high electrical performances: 

- possibilities of on line test and repairing after cabling; 

- high reliability. 


We think that the work which is now being performed and which will be carried out in the 
near future at SOREP will bring further evidence of the interest of such a technology. 
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FINE-PITCH PLACEMENT IN THE SMT PROCESS 


Giinter Schiebel 

Siemens AG Munich, Automation Division 

Rupert-Mayer-Strasse 44, 8000 Munich 70. 

1. Introduction 

Market pressure on the electronics industry =o improve products in 


terms of processing speed, size, quality anc price r 
undiminished. The consequent increase in tne level cs 





seen in integrated circuits is giving rise to é recucttion in leac 
Dizch sometimes combined with a Cramatic increase ir .eac count 
Technological difficuity in the Surface Moun= Tecnncliocy (SMT) area 
is automatically increased as a result. This paper is: intended to 
provide an overview of the essential elemenzs of une SMT process 
sequence. 

in generai, the term fine-pitcn components -s used <2 describe 
components with a lead pitch of 25 mil (0.é25mm) or iess. For ieac 
pitcnes significantly below this level, the terms ultra or super 
sine-pitch are usec. The technology recuired for the processing of 
=ine-pitch components is frequently known as fine-ritch technolocy 
(FPT). FPT is the central area for innovaticn for Surtace Mount 
Teshaclocv. 

2. Typical Fine-Pitch Packace Forms 

The most common fine-pitch component package forms currentiv in use 
are the Flatzt-Pack ,FP) and the Quad Flat-Pacx (QFP 




















Piasiic Quad ='at--acn «PCF? Moioec Carrier Ring (MCR Tage Automatec Soneng TAS 
with Neat Sink ‘amuy Such as TapeP ar such 2s Mixrosace 

9 : o> -) — . 
Ficure 1: Fine-pitch vackage forms 


With TABS (Tape Automated Bonding), a die is connectec with an 


etched connector pattern on a carrier film using an inner lead 
bonder (ILB) which generally operates using the hot-bar soldering 
principle. TABs have been in use in high volume for years in Japan 
and in smaller volumes in the USA. Until now, TABs have had a 
comparably low significance in Europe. In the USA and in Europe, a 


. . . se ~ . 7 el 
recent trenc 1S apparent towards MCRs corresponding to the JEDEC 








norms. The ends of the IC connector leads are, in this case, molded 
in a plastic casing frame (Molded Carrier Ring). MCRs are currently 
available in stick or stack magazines and in 8 different standard 
frame sizes (16mm x 15mm to 86mm x 86mm). A range of further 
package variations, especially for memory ICs, are expected on the 
market, e.g.: 


TSOP - Thin Small Outline Package 


TQFP - Thin Quad Flat Package 
SQFP - Shrink Quad Flat Package 


3. Key Performance Pactors and SMT Process Steps 








Against a background cf increasing product liability and increasing 
pressure on the supp_iers cof electronics products to reduce costs, 
=he right quality phils cphy is essential. In the high-tech sector 
wnere fine-pitch technciccy is being applied most intensively, one 
Djective must be to achieve the highest possible levei of 
Statistically based ‘manufactured’ quality (908 Section 4 - Machine 
Capability). The correction of localized manufacturing faults 
wiztnin @ high-cost functional test repair loop can be very 
sriticel, particularly :or highly sensitive, somet-mes expensive 
sine-pitch componenzs. The quality, in general, of product 
y 


manufactured using ¢ SMT process and the FPT process is 
Setermined primarily Sy 2 number of factors within the different 
rocess stages: 

* PCB and comcoonent <c_¢rances (see Section 3.2.) 

* Scider paste acr.icaticn {see Secztion-3.2° 

= SMD placement (see Section 5.3) 

* Reflow soldering (see Section 3.4) 


Maintaining the desired quality standards requires a range of 
guality feed-back locrcs which should be as short as possibie. If 
such feed-back loops are not already in operation in the 
corresponding placemen= systems, subsequent integration can be 
immensely beneficial 


3.1 PCB and Component Tolerances 


The dimensional stabdi.ity of PCBs and components naturally has a 
strong influence on product quality. This can be illustrated with 
an example of tolerance analysis for the placement of a fine-pitch 
component with 20m:il (0.508mm) lead pitches : 


wead pitch (componen:': TLP approx. +/- 0.035mm 
Lead width (componen::: TLW approx. +/- 0.010mm 
Pad pitch (PCB): TPP approx. +/- 0.010mm 
Pad width (PCB): TPW approx. +/- 0.010mm 
Local fiducials (PCB): TLF approx. +/- 0.010mm 


The quadratic combination of these tolerances is as follows: 





2 2 2 2 2 
T(TOT) =\/TLP + TLW + TPP + TPW + TLF = 0.04mm 









































——_— Pitth— ee Overhang 
Figure 2: Lead - pad deviation 
In the majority of situations, guidelines are applied such that the 
lead overhang should at most correspond to 1/3 of the width of tne 


lead itself. The max. permissible deviation in this case is 
therefore: 


D = PW/2 - LW/2 + Overhnang = (0.305/2 - 0.203/2 + C.203/3\mm 
0.i2mm 


u 


The remaining deviation from the placement system is therefore: 


DP = D = T(TOT) = 0.12mm - 0.04mm = 0.08mm 


3.2 Solder Paste Application 


In spite of isolated, determined attempts to apply the wave- 
soldering process to fine-pitch cechnology, the conventiona 
process looks as follows: 


- Solder paste application - SMD placement - Reflow soldering 


For the application of solder paste in SMT mass-production, there 
are two methods which merit discussion: screen or stencil printing 


The central element of the screen printer is the screen which 
generally comprises a stainless steel or polyester mesh covered 
with a polymer coating. The main screen parameters are the mesh 
density and the screen thickness. A characteristic of the screen 
printing method is the use of a process-dependent distance between 
the application surface and the screen (snap-off). 


For fine-pitch technology, the stencil printing is cleariv 
preferable because of the higher edge definition of the stencil. 
Print patterns in stencils made of stainless steel, nickel silver, 
bronze, copper beryllium or similar materials are almost generally 
produced by an etching process. The highest printing precision is 
achieved through the use of screens cut by laser. The screen 
openings should be approx. 10 - 15% smaller than the corresponding 
pads on the PCB. During the printing process, the screen generally 
lies in contact with the PCB (on-contact). 
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In comparison with screens, stenciis have the following advantages; 


- Long life 

- Where component variety is high, stepped etching can allow 
different application thicknesses. In that case the hardness 
and pressure of the squeegee have to be adjusted precisely 
corresponding to the position and height of the etched edges 


__ ea with reduced 
apoDiicauon thickness 








Fisure 3: 
Stencil wit! 
steppec etching 


One cz the most important obiectives for solder paste application 
must be =o avoid the formation of bridges during the subsequent 
soldering process. One possibility for reducing the risk of 
bridging in fine- pitch applications is to employ a zigzag-print 
pattern on the pads. This technicue does, however, require longer 
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Figure ¢: 

Aiternative 

Drint patterns 

A metcr intluence in the quality of the solder paste application 
results is the precise aiignmen: between the PCB and the screen 

The Dest reproducability wi limited accuracy (typically 0. _— on 
@ 3-sigma basis) is, without a acubt, acnieved by solder past 
appiication systems with vision capability. 


A significant factor in the determination of the final solder 
quaiity at the end of the conventicnal process chain is the 
selection of suitable solder paste. 


The Inspection of Applied Solder Paste 


The producer of high quality, high value electronic products must 
consider the use of quality assurance systems such as automatic 
solder paste inspection systems. 
Depending on the requirements such systems are based on the 
measurement of shadows, produced by a variable flashing or the 
triangulation principle (for precise height measurement of the 
solder paste deposits). 
In certain instances, the suppliers of solder paste application 
systems are already offering the option of integrated solder paste 
inspection systems. The level of inspection accuracy available in 
such cases will almost certainly be unable to match that of the 
specialist systems. 
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3.3 SMD Placement Systems 


As a result of the diverging trends in the component sector (small 
components are becoming ever smaller, fine-pitch components are 
becoming “ver finer), enormous demands are now being placed on the 
second element of the conventional SMT process secuence, the SMD 
placement systems. Very generally, four main categories of SMD 
placement machines have developed over the last few years: 


- Entry level systems based on the pick and place crinciple, 
with limited performance and accuracy. 


- High-performance placement systems equipped with revolver 
heads for the processing of small chip componen=s as well as 
fine- pitch ICs with 25mil lead pitches anc a max. size of 
32mm x 32Zmn. 


- Simultaneous placement systems for the mass oc 
small chirs components and ICS with coarse .¢ac riticne 


- Fine-pitch placement systems for IC comrcnents with iead 
pitches of 15mil (0.38lmm) and, in indivicuei c2ses down to 
12mil (0.305mm), and with edge dimensions up to Ecomm. These 
machines are sometimes capabie of placinc «<he snxa_lest chip 
components with eage dimensions down to imm x 0.inm /0402) 






Fine-pitcnh clacement systems can only operate optimé--y using the 
Dick and place principie (2 main variants). This necessity arises 
QUt of the need tc handle each component inc:ividué__y in terms of 
positioning dynar: ro | 

“ne cpto-e.ecironic S 





























Moving PC83B anc feeders Stationary PC3 anda feecers 
Figure 5: Pick and piace concept variations 


From the two competing concept variations, the system with both 
Stationary PCB and component feeders offers significant advantages 
Compared with the alternative. The stationary PCB ensures that 
Previously placed components are not displaced. Stationary 
Component feeders ensure that component replenishment is posslble 
rier. machine operation which contributes to high utilization 
evels. 








In terms of the performance data for fine-pitch placement systems, 
the most significant aspects without a doubt relate to placement 
accuracy and placement reliability. The principal factors in this 
respect are: 


- Drive and path measurement principle, resolution in the relevant 
NC axes including X, Y and theta. 

- Distance between the X-Y guide plane and the PCB plane 

- Mecnanical construction of the placement head. 

- Vision systems for the opto-electronic cent2ring of 

ts and PCB 


msistent.y high positioning accuracy in the X-Y axes can only be 


acnieved witn the use ci direct path measurement using linear path 
measurement systems (€.2. glass scaies) (see Figure 6). The 
os i ~2mM can determine the position of the 
= the compiete positioning sequence and can 
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Direct path measurement 
























































| "| OC motor 
| Positioning |  fyy\__________ 
| control ; 
' — fr —4, nl —— 
| ‘Linear gias scale 
\ 
| Feed back of the actual value | Optoelectronic 
sensor 
oe OS oe oe OS oe 
L wetetat 
indirect path measurement 
| 
DC motor 
| Positioning |  (/y\_--------- 4 
control 1 
| | ‘\ \ L _J ——- 
' 
| Rotary encoder 
Si mpre k- | Feed back of the _ 
Path measurement manner _ Optoelectronic sensor 
Oorinciple in SMD i JL 
placement systems Sut 


The use of rotating measurement systems coupled to the X-Y drive 
motors can be described in an extreme manner as: MEASUREMENT AT T 
WRONG POINT. All errors relating to mechanical play and wear int 
drive system have an adverse impact on placement accuracy. 


Direct path measurement is also preferable to indirect methods for 
the high accuracy rotation axes for vacuum nozzles. For the precise 


placement of fine-pitch components, a resolution for the X-Y axes 
lis required of at least 10um. 











A basic requirement for the achievement of high placement accuracy 
in automatic placement systems is the precise centering of both PCB 
and components. Mechanical centering devices are no longer 
sufficiently reliable for applications involving fine-pitch 
technology. The integration of a high performance vision system is 
therefore essential. 

Some important distinguishing parameters for vision systems are: 


Binary or grey scale system 
- Lighting method 

Image processing method 
Measuring accuracy 


A major factor in determining the reliability of vision systems is 
the vision processing metnod used. The two main competing types are 
the centre-of- -gravity and correlation methods. 

Due to a low Sensitivity 22 changes in brigthness the grey scaie 
system has clearly succeeced over the binary system. Regarcing <ne 
component vision centering tne incident lighting is to be prefered 
in comparison with the through ligthing. The real contact area of 
J-leaded ICs can only de measured by applying incident light from 
below. 

As a result of the high reliability, the correlation method is to 
be recommended. The point Of maximum correlation or congruence in 

















terms of the actual and nominai images determines the requires 
position. Factors which can partially alter the appearance of the 
object have no negative impact on the accuracy of component 
placement. As a result, tris process also allows tne use of non- 
homogeneous and asymmetric fiducial markings. The measuring 
accuracy for vision systems fcr both PCB and component centering 
should be approx. 20um. 

! 

- J 

| 
Figure 7: 
Correlation principle Nominal Actual Correlated 


In current discussions concerning component vision, the term 'lead- 
to-pad matching’ sometimes crops up. With this form of component 
centering, the IC is brought to a position where the lead structure 
is matched directly against the corresponding pad structure. The 
component is then lowered onto the PCB. Lead-to-pad matching would 
certainly provide a method of placing fine-pitch and super-fine 
pitch components accurately even when the basic mechanical machine 
accuracy is limited. Unfortunately, there are two major hurdles 
which are currently preventing the application of this process to 
SMD placement systems: 


a. The integration of a camera and lens system into the 
placement head which provides a parallax-free image of the 
leads of different sized components. 


b. The applied solder paste layer can alter the image of the 
pad structure. 
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At this point, it is also appropriate to mention a further 
important aspect of fine-pitch placement technology - component 
lead coplanarity inspection (see Figure 8). Using a coplanarity 
module integrated into the SMD placement machine, lead planarity 
errors can be detected with a high degree of resolution. Scanning 
of the individual leads is carried out sequentially with the 
component being traversed through a fixed laser beam whilst held on 
the vacuum nozzle. Measurement is based on the triangulation 
principle with the reflected laser light being used to generate a 
height-dependent signal in a PSD element (Position Sensitive 
Device) or a CCD chip. Using special processing algorithms, the 
correct placement plane is determined (based on 3 leads). The 
placement plane represents the reference plane for the programmable 
tolerance band for verzscal lead skew. The level of acceptable 
vertical lead skew is proportional tc the thickness of the applied 
soider paste layer. The adoption of PCB tolerance rejection 
criteria is recommendec in the case of large ICs and where quality 
requirements are high. 
Zt snould be taken =niO consideration that PCB warpege will reduce 
=ne width of the to_erance band for the vertical lead skew. 
ent 
= eo 





Dianarity measurem using a laser has the advantage over the 
cther snsdow-based camera methods of considerabdDiy higher accuracy. 
Accuracy levels in the region of 10um are already attainable. 


LEAD CONDITIONS SCANNING PROCESS RESULTS ANALYSIS 
























































A particularly difficult problem for the supplier of fine-pitch 
Dsaacement systems relates to the processing of TAB and MCR 
comvonents. The extraction of ICs from the carrier aiong with the 
subsequent forming of the connector leads into the required format 
are being increasingly tcranfered from the IC manufacturing process 
to the SMD placement crocess. This is a beneficial development as a 


range of handling steps are eliminated which would otherwise have 
an adverse impact on quality. The price for this improved quality, 
nowever, must be paid by the fine-pitch user in terms of higher 
component feeder costs. For MCR components, there are basically 
three different feeder concepts: 


- Integrated feeding out of one magazine of one supply format 

- Integrated feeding out of several magazines of one supply 
format 

- Separation of the feeding and excising/lead forming 
functions with the objective of maximizing overall cost 
effectiveness by increasing the utilization of the expensive 
excising and forming tools. 
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3.4 Reflow Soldering 


=n or to successfully complete the final stage in the SMT 

° rer .cow soldering, the user has che difficu]l 

Suitacle reflow solidering unit. Fo 
there are more or less four differen 


rom 
~ 4 


yom Q. 


' 
ow 
ww 


iVPy\ 
Vr) 


\ 


! 
<j 
>) fv 
O 
c: 
J 
—~ {vy 


ry bg oy 


ray 
“0 oO 


/ 


witn additional forced conveczion 


4 tg ty 


D th Fh’ 
(2 «(0 (D 


vw m0 4od 


tf pw 
Ww 


' 
4 ki bad 


= io i 


With vapcur phase soldering, the object to be soldered is brought 
into a zone of saturated vapour from a boiling primary medium at 
215 °C. The solder energy is derived from the almost immediate 
condensation of the primary medium. The heating of all solder 
joints to exactiy 215 °C, even in the case of widely differing 
component sizes, iS a major advantage of this process. 


Vapour phase soldering does, however, have a few serious drawbacks: 


- Thermal stress for components resulting from the rapid 
temperature change. This effect can be diminished using a 


preheating of the PCB to be solderd 


- The required chemicals are environmentally unfriendly and, 
under certain circumstances, can be highly toxic. 


- Operational costs are high through the unavoidable loss of 
the expensive primary medium. 


In the case of IR reflow soldering, energy transfer occurs 
principally via radiation and, to a smaller extent, via convection. 
IR soldering systems available on the market are equipped with 

radiation elements of different wave lengths. The biggest problem 
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with pure IR solder systems is the variation in radiation 
absorption properties in the different materials and in the surface 
of the solder deposits. As a result, reflective surfaces such as 
pads heat up much more slowly than the majority of black IC 
packages. For circuit assemblies with component types varying from 
the smallest SMDs to large fine-pitch components, temperature 
differences as high as 50 to 70 °C are possible. As the temperature 
profile must reach the required critical temperature even at the 
coldest point, temperature-related stress can reach critical leveis 
for fine-pitch components in the hotter zones. 


A much improved temperature distribution can be achieved amongst 
tne sc.der joints using IR reflow soldering in conjunction with 
forced convection. With the introduction of suitable air streams or 
air agitation, the wel.-known problem with radiation systems of 
shadow ng can be mostly overcome. With this method, block 
Capacitors Dbelow large-bodied ICs can be satisfactorily retiow 
So.acerec. Tne use of air as a heat transfer medium has the 
Cisacvantage, however, that the unwanted surface oxidation of 
so.cer paste and pretinned pads and leads is actively promoted. 
Tne cSest sco_cering results are acnieved with convection ref.iow 
SC.cerlag cvens witn an inert gas atmosphere (nitrogen). An 
~MoOcriant 2s5ecc af Icrcec conveccion systems is that certain 
components, ©@.9. MELFs, can be cGisplaced under adverse conditions 
asa <cx28u.. C ~n@ air Screams cresent 
SO 225 6 nls paper, 2a range of criteria have been discussed whicn 
ere ré.avant to tne o232 ent accuracy of <fine-pitch placement 
ic2...8 on! I5..5M SS2lOn sncuiG c.arity the basic concepts 
sncer.ying Suture svec: fications concerning placement accuracy tron 
~@ $U50..22 - aucomatic SMD fpiacement svstems 


4. Macnine Capability for Automatic SMD Placement Systems 





AMONSS= Aighr-ctecn u izmrentliyv, there is an increasing tendency 
tS agemanc intormation from suppliers concerning the capability of 
machines cr even of molete processes. A statistical machine 
Capacity ana@.ysis carried out Dv a supplier of automatic SMD 
Diacement tems provid a precise statement of the probability 

LTA which components will be placed within specified limits. The 
current status wherer ta concerning placement accuracy is 

: 

oub_:isne mn Drocnures and data sheets without reference to the 
Sistridution of resuit multiples of the standard deviation) is 
unlixe : ntinue in the long term 
Stancard Deviation 





he arithmetic mean x = i/n f£ x of the positioning cycles 


together with the resuiting mean deviation represents an 
cefartnrwr cr af c lal Yr -— -_~ . . | 
unsatistactory statement concerning placement accuracy. Figure 10 
Aus f-~ mer - ~ } - ° . : 
nows, {[0r example, a Ssible distribution of the deviations in 
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Relationship 








Point of Standard deviation - dpm: 
Inflection 
1s - 68.25% - 317400 dpm 
a 2s - 95.44% - 45600 dpm 
~ | 3s - 99.73% - 2700dpm 
4s - 99.994% - 60 dpm 
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iimrung value 
Figure 10: Normal cistribution (Gaussian bel. curve 
As positional deviations are generally distributes ncromaliv, the 
Gaussian bell curve provides an appropriate matnematical definiticr 
of the distribution. The cistance between the <wo crcints of 
inilection anc the centre line, the so-called stanc2arsa deviation, 
is mathematicaily determined as follows: 
: 
- n _ 2 
s oro =\/ — Cc (x - Xx) 
Vin-l is} 

The standard ceviation in the example in Figure i? is 0.C2mm. 
Expressed statistically, this means that 68.263 c= al. placement 
will have a deviation from the mean of 0.02mm or iess. The 
distribution in the example can also be interpreteca in the way tha 
a component with a maximum positional tolerance cf 0.28mm (see 
Section 3.1 - PC3/Component Tolerances) can be p.acec on a 
Statistical base of 4 sigma. This is equivalent <c @ slacement 
reliability of 60 dpm (defects per million). 


5S. Limits to Conventional SMT - Alternative Process Solutions 





It is true to say currently that only very few users have reliably 
mastered the coventional high-volume SMD process fcr components 
with lead sitches of 20 mil (0.508mm). The main limiting factors 
are: 


- Accurate and consistent solder-paste application in the 
100um region and below (also for uneven PCBs) 


- Coplanarity of fine-pitch components in conjunction with 
PCB unevenness 



















5.1 Hot-Bar Soldering (Gang Bonding) 





on the past, nact-bar sc.cering (or gang bonding) was carried out as 

a hand operation and, <=c 4 more limited extent, as a semi-automatic 

Dperation. The current <rend is firmly towards fully-automatic, in- 

iine compatibie hot-bar sclidering systems. 

The Dasic desiagn of a hct-bar sceldcerinc system is very similar ‘to 

~net of an autcmatic SM2 slacement system. The two main citterences 

are: 

- The standard SMD placement head is replaced by a special 
placement and soldering head in which the solder tooling is 
typicaé.ly suspendec Dy a gimbal and has a Z-axis 
positionable soiderincg <ool 

- Freely programmabdi2 scicer gener r consisting of a PID 
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tro.er ana a hea 










The key steps in the process sequence: 






After the PCB has been <ransported into the working area of th 
placement and solder heac, automatic registration of the PCB :s 
Carried out by the vision system. Following retrieval from the 
feeder module, the component is first centered by the vision system 
relative to the solder-nead and the corresponding pad structure anc 
is then placed in position with the aid of a sensitive force sensor 









la 
feedback system. 















Figure 12: 
Place component 


and lower soldering tool 












In the next step, the component-specific solder tool (can be 
changed automatically) is lowered onto all component connector 


leads simultaneously. After the required application force has been 


attained, the heating cycle is activated which follows a freely- 
programmable temperature profile. The solder head adapts to the 




















soldering plane via a mounting based on a virtually frictionless 
gimbal. The centre of rotation of the mounting lies in the 
soldering plane thus preventing the transmission of lateral forc 
to the IC connector leads. The system can recognize the 
commencement of the reflow process from a small lowering of the 
solder head (in the range of um) and can hence trigcer a defined 
final soldering period (Figure 13). Soldering is always achieved 
with the minimum of heat energy which ensures that the growth of 
the intermetallic zone is minimized. 
# Soider bar temp. (measured on inner side) (°C} 
| «— Heating —we Cooling > 
350- 
- Temperature cycie contro! point ten = Final soldering 
Sooling star poin suration ‘cor 
Figure 13: Relationship between temperature profile and solder 
heac displacement 
After expiry of the final soldering period, the solder-bar heati 
is switched off and the cooling of the solder head and the solde 
jOint is then activated. Once the temperature of the joint falls 
below the solder solidification temperature, the solder head can 
raised and the placement and scldering cycle hence completed. Th 
total placement and soldering cycle time is dependent upon the 
component and PCB but is typically of the order of 20 to 30 secs 
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ring the soldering process, the component remains fixed in 
sition and all flux fumes are extracted. 


The use of an activator (e.g. flux) is practically in any case 
regqired. The selection of the approrriate application method 
depends to a high degree on the product regirements. The flux for 
example can be applied to the component lead structure or to the 
pads on the P 
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-bar soldering process: 
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AUTOMATION IN PRINTED CIRCUIT BOARD PRODUCTION FOR THE 
ANALOGICAL AND PAN EUROPEAN (GSM) 900 MHZ CELLULAR RADIO SYSTEM: 
A SELECTION CRITERIA FOR SMT LINES. 

G. FERRARI/M. MAGNELLI ITALTEL BUSR-II-T CASTELLETTO S. MILANESE 


INTRODUCTION 


In the highly competitive industry in which digital cellular 
and personal communication products are situated there are some 
key factors which are gaining an ever-incresing importance, such 
as: 

- advanced production technologies 

- flexibility of the production system 

- total quality, in accordance with the new Business trend. 


In particular, it 1s essential. to adopt Surface Mcunt: 
Technology (SMT) because it can reduce the size of products an 
therefore ensure the compactness of the system. 

Moreover, the SMT cause a reduction in production costs, since 
the advanced technological level reached allows the assembling of 
wuad Flat Pack (QFP) components in Fine Pitch Technique and “he 
assembly of small outline components (SO) on the bottom s:de. 
These components can now ensure the functional conmslexity 
required by the GSM product (microprocessors and Digital Signal 
Processors (DSP)). 


At tne same time, since the SMT is nowadays essential for almost 

all companies in this field, production flexibility becomes 

the real competitive advantage of a company cver its 

compet:tor 

Jur meaning of production flexibility: 

- Capability to change the production mix in a short tim 

- aGaptabdllity to new configurations or new products 

- abliity to reduce the interval between R&D and manufacturing 
start 

- abliity to react to changes of production volume 

Whereas in the past, according to the "traditional”™ concept, th 

technical characteristics (Placement Rate, Accuracy, etc. were 

those which determined “ne choice of the production line, nowadays 

Gue to new market needs and the consequent goal of flexibliity 

other factors become decisive (e.g. maintainability, possib1.:it; 

of reducting the set-up time, etc. 

This paper is intented to provide some considerations in the 

choice of SMT lines regarding the use of tools for production 

Line desicn. 

In the following text we describe the selection guidelines for 

the cases of traditional lines and newly-designed lines. 


1 design parameters for SMT production line are 
cllowing aspects: 











- machinery saturation 
- local design on the machine level or, at most, on the jobshop 
level 


In practice, when choosing an SMT line, the first parameter for 
analysis is that of compliance with production capacity 
requirements, as calculated with a formula of the following type: 


cP = (@ x C / Ha) x K 


P = line production capacity (comp/h) 
= expected production volume (pcb/year 
mumoe> of SMDs per 
King nours per year 
= correction factor. It is a factor which takes into account 
rganization inefficiencies, absenteeism, faults and 
reva-rs, maintenance, etc. 
TRIS means tnNat the desicning of the spec:fic machinery (Pick anc 
Piace macnline, screen orinter, etc. >s carried out with the 
achievement vcroducticn levels in mind, without cakeing into the 
account <=ne soverall flow 
THis leacs to the overlooking of asrects related to higher costs 
causec Sy 2 large amcunt of Work In Precess ‘WIP) and by the 
DCSSi5il:ityY of Sottlenecks in other phases of che process flow, 
preventing tne achievement of the clebal throusnput ‘target. 
in add@iticn to Production Capacity, cne other aspect to be 
anaiyzea is <=he type cf components which can be nmcunted. 
since in =ne Gig:ital communication sector the components ar 
m@lniy microprocessor and ODSPs, the relevant SMT production 
lines Tust Aave at least one module carable of mounting these 
componen=s  QFP, TASB, etc 
The abcve mentioned parameters in practice become a constraint by 
whicn tne macninery avallable on the market are selected. 
At this aoint the cost factor beccmes the main comparison 
parameter, *Sollcowed by other asvects sucha is 
- user friendly machine interface 
- programming easiness 
- machinery dei:very t:me from the supplier 
- placement accurac’ 
In accoragance with the traditional concept of production lines, 
the investments are also evaluated with classical economical 
indexes such as NP IRR, Payback etc 
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Nowadays it is no convenient to automate manufacturing processes 
to the detriment of overall flexibility. 


Automation is necessary to reduce variability in the production 
process. 

It 1s a well-known fact that the intrinsic characteristics of the 
machinery are: uniform movements, regular cycle times and 
constant quality. 


This implies the need to design new production lines by 
considering several new aspects which integrate the traditional 
ones. 

These aspects are diffici 
analysis and sometimes inva 
indexes such as NPV, IRR et 
These aspects are: 


22 tO quantify in a cost benefi 
idate the effectiveness of 


x MAINTAINABILITY. This means: 


- Quickness and easiness of execution of day to Gay maintenance; 


on 


example, the case of a speed placer machine whi 
cleaning of the same part every five hours of work. 


- Low frequency of ordinary maintenance actions. We report, as an 


=nls operatio wnicn 1S not easy to carry out, may cause more 
-- _<£ _—— M Xe , i el . 
stops in machine operaticn if it is not properly executed. 
-—ryer asa ee — oe ~ le : ‘tem : os é . 
© KRELiABianals:. Take 1ntdS consiaeration: 


- High Mean Time Between Failure (MTBF) 


- Possibliity of reducing the Mean Time To Repai (MTTR) thanks 
to the modularity of <=ne basic elements (e.g. tne positioning 
head of peck and place}, which make it poss Sible to easily 
change the ulty moduie and resume operation in a snort ‘time, 


with the ‘enels being carried out off line. 
This also solves the propiem of reliability of several heads on 
a line. 


* SERVICE LEVEL. This refers to: 

- Timely intervention by the supplier's technical service 
- Short delays in finding the spare parts 

- Supplier willingness ¢ 


aimed at ensuring a ant 
line availability, by means of pbeventive “action<. 


draw up a maintenance contrac 
cot + 
C ot 


* REDUCTION OF SETUP TIMES 


It is this aspect which is most effective in achieving a 
reduction of the WIP and Lead Time (LT) in the production line 





as a whole. 

It 1s also the first step towards a possible reduction of lot 
size. 

With traditional criteria, the lot size was chosen with the 
famous Economic Order Quantity (E0Q) formula, as a result of 
the minimization of total cost, obtained by adding the 
possession costs (interests on the locked-up capital) to the 
setup costs (cost for material picking and handling, cost for 
machine tooling and relevant check). 


The reduction of the production lot implies the need to bring 
into practice new control methods before the assembly process to 
verify all the operations introduced by changing the setup, which 
may cause faults in the PCB functionability. 

The availability cf a number of machine positions for feeders to 
contain the full component mix of the whole equipment would make 
it possible to reduce the variability caused by the reduction of 
production lots. 


These circumstances are difficult to provide with a product such 
as GSM, which is associated which reiatively low volumes for the 
SMT and a very wide component range. 


This leads to the need for having tools capable of designing an 
"optimal" setup in a short time. 

In the following text we are going to illustrate one of these 
criteria. 


HEURISTIC ALGORITHM 


As we have seen, the goals of flexibility and cost reduction can 
be reached mainly through a reduction of the setup time and 
relevant operations by meaning the reduction of the handling of 
component feeders. It requires an analysis of PCBs mix. 
A heuristic leoritam has been developed for this purpose. Its 
logical steps are iliustrated below. 


1) ABC ANALYSIS OF COMPONENTS 


Firstly It needs to obtain all the different SMD components from 
the "Bill of Material" of the equipment's boards. 


By representing the quantities for each code on a chart, one can 
then identify the three allocation classes (A, B or C). 
For the ABC diagram, see enclosure 1. 


2) ANALYSIS OF COMPLEMENTARY CONDITIONS 


There are initial conditions which may affect the algorithm's 
results. 
These conditions may be: 


- the need to contain in the same setup PCBs which belong to the 
same subset of the product 











- for some groups of boards, constraints associated to the 
production flow following SMT operations. 


Another hypothesis, aimed at achieving a high reliability of the 
algorithm's results, is the relatively low variability in the 
number of different component part numbers among the boards 
within their respective classes. 

If this variability is actually high, it is convenient to remove 
the main reasons and consider the abnormal boards separately. 


3) METHODS FOR REALIZING THE SETUP CRITERIA 


The setup may be achieved by following two basic methods. The 
adoption of the ABC analysis method of component results. 
These methods are : 


a) Determination of the whole setup, starting from a basic setup, 
made up of A-class components. 
This method is preferable when A=c 
This makes it possible toc 
board or at most for groups 0! 
number of feeders. 


ass 1s the piggest. 
the setup for a single 
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lete 
boards bv handling a small 


b) Determination of the setup according to the cri 
associated boards with the largest number of 
components. 


This is preferable when C-class prevails in the ABC analys:s 
of components, because in this case tne setup is expensive due 
to tne high handling of feeders 

This is the case with the GSM product. 


After defining the criteria which associates the pcbs with the 
largest number of common components as the reference criteria, we 
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proceec as follows: 


4) DETERMINATION OF THE REQUIRED FEEDERS POSITIONS 

A program produces a list of all the component part numbers, 
with an indication of their respective shapes. 

Each component shape 1S associated with a number representing the 
relevant required feeder area ; for example, chip 1206 requires 
1 feeder position, QFP requires 7 feeder positions, etc. 


5) ABC DIAGRAM FOR THE BOARDS : 


Let us carry out an ABC diagram with the quantity of different 
component part numbers for each board. 

The three groups created must be homogeneous in the quantity of 
boards contained. 

In the GSM case, see enclosure 2. 


6) DETERMINATION OF THE REQUIRED SETUP NUMBER 








we define: 


Mnec = number of machine feeders required 
Mava = number of feeders available on the machine 


The relationship: 
N = Mnec / Mava 


rounded off to the higher integer, provides the minimum number of 
setups needed to start the algorithn. 

If N turns out to be insufficient to allocate all the boards, the 
algorithm must be repeated with N increased by 1. 


7) DETERMINATION OF "A" CLASS BOARDS TO BE ASSOCIATED IN THE 
FIRST SETUP 


The number "n" of A-class boards are divided by N: 
R=n/wN 


R, rounded off to the higher integer, is the number of A class 
boards that we must associate to build the setup. 


8) SETUPS ACHIEVING AND SETUP TREE DRAWING 


If R 1s greater then :. a number of R A-class boards must te 
combined to be the first setup. 

To do this, we starz bv associating the "n" boards by couples. 
For each combination of two boards we determine the quantity of 
common components part numbers. 

The two boards having the largest number of common codes will be 
the base for the next iteration, which will still concern A-class 
boards until a number of R boards are associated. 

The following iteration,at this time, is made with B-class boarcs. 
The process is repeated again with C-class boards. 

If, during the check with the number of available feeder 
position there is a possibility of inserting more boards, the 
process will be repeated starting from B-class boards. 

The setups are obtained by repeating the above mentioned process. 
With this algorithm it is possible to optimize the use of tne 
production line and to provide setup operations in a short time, 
thus improving also the industrialization process for a new 
product. 

As soon as the "bill of material" for the boards are available, 
it is possible to have immediate feedback about the following 
aspects: 


- needs which may arise from revising the component plan to 
reduce the number of setups , according with the "design to 
cost" concept 

- indications about the opportunity of reconfiguring the lines, 
or planning new investments for new lines. 


LO 





In this case the quickness of the result provides more time to 
evaluate investiments for advanced equipment. 


“ONCLUSIONS 


In conclusion , we wish to mention the use of simulation 
cecnniques tO measure parameters such as WIP and LT, which 
highlight the overall flexibility target. 

In fact, these tecniques and an adequate iine model allow us to 
check some parameters such as the lot size variation. 

These tools also make it possible to take into consideration 
design aiternatives whicn have not been covered in this paper, 


. 


such as the parailel line designed. 
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FIG. 1 
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HEURISTIC ALGORITHM 
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“Dase sel-ur’ Choice of max.common components 
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TEST AND MEASUREMENT SOLUTIONS FOR DIGITAL MOBILE RADIO 


by David Picken, B.Sc.(Hons), Rohde & Schwarz, Munich, Germany 


The novel technologies employed in the pan-European digital 
cellular radio network CSM) call for test and measurement 
functions not avallable in conventional instruments. 


tribution presents the most significant new features of a 
f test and measurement eculpment conceived especially for 
lications. It describe th Major differences between 
onal radiotelephcny and ‘the rising generation of digital 


— > ~ 
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of which GSM 1s @ particularly prominent example. 


l. Identifying the Challenges 





1.1 The New Aspects in GSM 


a (3 } . Tes ~1. + -_ ~ + p= eS _** a , *. 
Altnougn in tne ear-y davs of <=SM ecul.pment caeve.onoment engineers 
\ 2SesanhgG cOnvencis measuring 
- » | 


: } 
challenge or introducing special instruments fo the GSM 
community at a very early stage. In modern digital radio 
networks tnere are many novel testing recuiremen=ts which cannot 
De met by conventional measuring instrumen=s such as sicnél 
generators, power meters anc spectrum analyzers 

Among the new features cescribecd by the 5000 or so pages of GSM 
specifications, those most relevant to the testina of mobiles and 
Dase station equipment are 

* the transmitted information is fully digitised and thus 


* advanced digital modulation techniques influence both the 
phase and amplitude of the radio-frequency carrier signal in 


a defined way at eve 


* the transml1ssion oo 


_ * ° ‘> rr - ~~ + — . ££. a 
moments in ‘tlme, x<nown as cime slots, ls a furcher 
» | -so re + e+n4 3 ; ~~ | our +? : } TT > 
characteristic of GSM and other systems using the TDMA 


approach. 


° Time division multiplexing presupposes accurate 
synchronisation between the radio stations in the network. In 
a measurement context, this implies synchronisation of test 
equipment to the data exchange mechanism within the radio 


network. 


s | 
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* For adequate resolution along the time axis, sampling rates 
are called for several times higher than the effective symbol 
transmission speed. 





* A further challenge to the instrument designer is presented 
Dy the amplitude range of the signals on the radio path. The 
spec:fications call for 70 dB between the “maximum-power" and 

ons of a transmitter. 


® the use of changing Carrier frequencies, even in a 
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measurement functions in signal generators and analyzers in 
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order to simulate or follow the known hopping sequence. 
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1.2 Features of the GSM Network in Review 
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Broadcast channels - used for frequency correction, 
frame synchronisation and for identifying the base 
sta 


- Common comtrol channels - used for calling (paging) 
mobiles or providing mobiles with access to the network 


- Dedicated control channels - used, in general, together 
with traffic channels for management tasks. 


e the conventional method of digitizing 
Ly PCM) requires a transmission rate of 64 


speecn in teiepno 


> - 
it/s for agequate quality, ways were sought of reducing this 
= = ~ > | = a < Le _- _ * *- : 
Dit rate to be.ow 16 K5it/s to allow efficient use of the radio 
spectrum 
os ~ . . 79 yR: j 
The predictive coder chosen reduces the bit rate to 13 bit/s 
ser oo : < } 7 e +1 j € 
260 bits for eacn speech sample of 20 ams uration). After 

_- _ ’ * ~-* 

error-protection cocing, each speech channel requires 22.8 kbit/s 
ae 6U}R 
—_— = ss 
~ - — ~— -~ s -_ . - 
or aagead protect.cr, tne bits of each speech sample are 
3 < oe - - on 5 ; = - ama? - ; 
Sistributec over twc F> time slots by a process called diagonal 
_nterleavineg 
or tne future, it iS planned to introduce speech channeis 
#OrKking at Maizt cCne rate (11.4 kbit/s) 1n order to increase the 
system capacity m@ahins use of current acvances in vocoder 
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2. Measurement Requirements and Solutions 


2.1 Measurements on GSM Receivers 


Signal generation. Moazern signal generators are required ‘9 
sonver= a prepared bitstream (the signalling) ints a correctly 
modulated RF carrier. Conventional generators are unsuited to 
“his task because, as a rule, they do not permit direct control 
>f tne carrier phase in the way the GMSK technique requires. 
seneration of such sicqnals is the domain of instruments using I/Q 
modulation. Digital signal processors wiil derive the compiex i 
snd Q phase modulation signals from the bitstream information. 
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ng time multiplex features of the GSM 
network also make f witching of both frequency and amplitude 
of the signal gen r necessary in order to simulate the 
-ypical signal bursts which occur in practice. 


Tne frequency hoppin 


Figure 2 shows the principle of modern signal generators meeting 
the requirements described. Once such unit is the signal 
generator SMHU 58. With its I/Q modulator it provides suitable 
test signals, particularly as a high-purity interfering source in 
critical blocking and adjacent-channel rejection measurements. 











Fading simgulators, used to reproduce 
the multipath and doppler fade 
effects of the radio channel, gain 
in importance in a fast digital 
network such as GSM. These complex 
and costly unit will, however be 
restricted research and type- 
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2.2 Measurements on Transmitters 
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The only viable approach analysis 
of such signals 1s to sample ‘the RF 
signal or th down-converted 
equivalents at a high rate. 
the I/Q signals represent 
amplitude and the phase of 
Original RF signal, they may be 
for many different forms 
analysis. The sampled values can be 
written into memory for analysis } 
later processing steps to give: 


* demodulated phase vs. time 


tude (power ramp) 


* detected ampli 
vs. time 


* phase noise (computed as the 
difference between the measured 
and theoretical phase 
trajectories) 


® demodulated frequency vs. time 
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Fig. 3a: 1/Q samples plotted vs. time 
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Fig. 30: After conversion to power values 
the samples ere compared with the GSM 
power-time template. Here the leading 


edge is shown using the zoom function. 











vi 
oe 
0 9 
gw 
i") 
e 
© 
ry 
v" 
vy 
oe 
ha ti, 
J A 
ip 
1» 
le & 





| 


—— 


oN 








—— a 


TA) 


a 

















ay 








’ : 
‘ “1 
“1 

; . 
‘4 
i] 

' 
: +4 

, 

- 
: 
; ‘ 
’ 
’ . 
rt 
| 
) «4 
' 
' 

. ae 

} 

' 
he 
| 

’ 

_ 
(ng 

' 
} 
' 

; ' 

at 
si 

; 

‘ » 
ry 

i) 

| 4 

: 
f) 

) ; 
{ iz 
'? a? 


4 
if : 
» 4 
’ 
po * 
" 
‘ j 
‘ 
| 
4 
iJ 
’ 
; 
: 
j 
’ 
, j 
‘1 
' ' 
he 
> 
; fF 
“t 
= . 
\ 
ry f ' 
‘ ' 4 
i 
t, : 
' 
‘ 
he 
' { 
' { 
i 
| ” 
0 ¢ ‘ 
byw 
bn og 
ry 
4 
“a 
r% . 
' ; ' 
‘ “4 


-- 
—__ 


uremen 


_ 


Ye 


~ = 










































































Protocol test equipment | 
for radio networks, such 
, = ~ 
as the family of SSM 6 > | 
Radioccommunication Test ro 
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>f wire networks by the 
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Fig. 5: Block diagram of GSM Signiailing Test Sets CRTS 
. SM message handling. A powerful software tool - called the 
message editor - eases the task of dertining specific 
messages. Thanks to the use of an intelligent data base, the 
user is saved much of the trouble of referring to the GSM 
specifications 
: —— ; ; P ; ; 
. Layer network) signalling sequences ‘for simulation of 


call connection and management procedures can be user- 
specified. 

Layer 2 (data exchange) mechanisms. Besides automated 
(correct) data link operation, error implantation is also 
needed for simulation of practical transmission problems. 


® Layer 1 coding functions. Binary data are coded and 
interleaved for protection against transmission errors. 
Ciphering further ensures confidentialit of the user 


traffic. 
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Logging of signalling activities. Due to the speed and 
complexity of the signalling process, the only way to locate 
protocol trouble spots is to record interface activity in a 
large memory. Once again, it is the task of comfortable 
software to present the logged protocol in an understandable 
fashion for rapid and meaningful analysis (figure 6). 


Layer 1 physical transmission functions. Modulation and 
demodulation, frequency hopping and power ramping all have to 
be simulated and analyzed in the test equipment. 


Speech coding/decoding. The final test of a GSM radio comes 
when the voice connection is established. Vocoder functions 
in the test set ensure that true-to-life speech tests can be 
made on the finished radio before delivery to the customer. 


GSM-specific RF measurements. Receiver sensitivity based on 
BER tests, transmitter power-ramping and phase~-noise 
performance: chese tests are best handled by high-speed 


digitai signal processors in order to achieve accurate 
ce 


resu.cs iN ac DUTaD.. v1lmes. 


Swnchrcenization facilities. With its timebase of 13 MHz and 
its complex TDMA structure orf frames and multiframes, the GSM 
network poses some special problems in the synchronization of 


2nstrumentation. New eaquipment provides GSM-specific timing 
INPUTS /OLTDUTS, while powerrul accessories * also permit 
existina instruments witn the usual 10-MHz sync to be tiea 


into GSM test setups. 








Fig. 6: Example of a signalling log recorded by the CRTS 
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the light of the high complexity of the GSM signalling 
otocols, users rely to a large extent on the software of the 


instruments to reduce the burden on testing staff. The CRTS 








instrument family addresses this need by providing a comfortable 
message editor environment for the creation and analysis of all 
GSM layer 3 messages. By decoding the message content into 
easily understood text, the message editor automatically takes 
care of the requirements of the GSM 4.xx Series recommendations. 


Models of the CRTS are available for exercising mobile terminals 
or base stations. 


3. Applications of Test & Measurement Equipment 





3.1 Design and Type Approval 


Flexibility and depth of testing are common to both of cthese 
application areas. Whereas the design work is often a matter of 
extreme secrecy, type apprcovai is only possible by presenting the 
new product to the postal authorities or an accredited test 
house. Type approval is particularly important for the end-user 
equipment, the GSM mobi_e = station. The exhaustive tests 
performed during the type approval procedure have been designed 
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testing Speed and 
low investement and 
Operating costs re 
essential features for instruments used in mass production. With 
production gearing up to several hundred radios daily, test times 
are getting down to just a few minutes per telephone. The GSM-MS 
Production Tester CRTS 12 has been conceived with this special 
market in mind. Besides measuring all the standard parameters 


testing of GSM mobiles 


for various reasons: proor of correct operation within the 
network; electromaqnetic compatiblity (EMC); and, of course, 
conformance to minimum “<ransmission quality standards. The 
complete type §aprrovai ztest  systen, covering all c<hese 
measurement aspects, is known as the GSM System Simulator (figure 
7). 
For those involved 
with the preparation | | 
of equipment for | 
type approval | a seeatereeie | 
testing, or where | -~—7 ; _ o_: | 
there is a need for | |S! Yecinee fp } te El oe I 
interim type | — = | | oe | 
approval testing, an | |.wu—-|z | ee = | 
alternative is jt ee } | | Eien 
available in the | | 
Shape of the Interim | | meme | st | 
Type Approval (ITA) | eet | | 
System based O Cl ee : , | 
standard | a 7 = | 
instruments. 

! (=. +-—— Tm fe | 
3.2 Manufacturing | 

| eam bb pa {Fxg meman | | 

More than anywhere | eS as g Sositosshilae | 
else in the | | 
industry, high Fig. 7: Stock diagram of the /&S System Simulator for type aporoval 
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ket and analog share to begin declining 


¢ ln the semiconductor business, volume 1s ulh- 
mately the dnver However, when supplving 


Togav, several European counties, such as intoaconsumer-type of product, there are some 
Spain, nave only recentiv introduced Analog 


issues and constraints which must be weighed 
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or create specific enhanced programmable 
DSPs with significantly reduced design and 
development nmes. This also ulustrates the 
abilty to provide tmely evolunonary prod- 
ucts. This methodology will be used in the 
development of future products - both stan- 
dard and application or customer specific. 


AT&T's process evoiunon (to 0.5n drawn) will 
aiso add to tuture total svstem pertormance. 
By evolving to 0.5u tecnnology, low power 
3.3v) devices will have the processing dand- 
wiGth to pertom all tne computanons requirec, 
and consume less power. For exampie, a 3.5v 
C.5u DSP will have the same througnput as a 


current 5v 0.9u DSP and will consume anout 
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in the future, manufacturers can look to AT&T 
for further integra'cd solutions with lower cost 
and superior system performance. New tech- 
nology developments (e.g. 33v operation, 0 Sp 
CMOS, etc...) wi'l enable AT&T to continue to 
offer leading edge, cost effective products. 
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A 6.55 KBIT/S Multipulse LPC Speech Coding Scheme for Application 
in the Digital Mobile Radio System 
P, Vlahov and M. Fratti, Telettra S.p.A via E. Mattei 1, Gorgonzola (Mi ) 


Summary 


In this paper we present some results related to the design of a codec operating in the range 
6.55 kbit/s to 7.55 kbit/s. This codec configuration may be suitable for application in mobile 
telephony systems, since for this application high quality speech (8 Khz sampling frequency) 
at bit rates below 16 Kbit/s is a prerequisite. For example, the GSM pan-european digital 
mobile radio system has been defined with the capability to use alternatively both full rate 
and half rate channels, and the net bit rate expected for the half rate source coder is around 
6.5 Kbit/s. At this bit rate one of the most suited speech coding technique seems to be the 
Multipulse Linear Predicuve Coding(MP-LPC). However, several different schemes can be 
implemented. depending on the actual bit rate, the considered sub-frame length, the 
parameter update rate, the techniques adopted for both the LPC parameters and the excitation 
sequence, and so on. Various simulations were carned out, taking into account evaluation 
criteria like subjective quality of the synthesized speech and feasibility of the real ume 
implementation. The adopted final scheme consists of: 


*) An LPC idenutication step using the autocorrelation method, thus sowie 
the parameter quantization to be performed in a single step using a proper 
designed vector quantizer 

*) The long term prediction (LTP) block computation using an open loop 
configuration. in order not to be constrained by the frame length. 


*) The excitanon computation using an optimal procedure recentl. developed 

by Singhal anc Atal 

*) The excitation sequence quantization by means of a scalar quantizer denved 

from the puise ampiitude distnbuuon 

*) A post-filter in order to cope with the high frequency distortions of the 
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LPC parameters identification and vector quantization 

In mulupulse algorithms, more than half of the total bit rate of 6.55 Kbit’s is reserved for 
the residual excitation information. This doesn’t leave much for the linear predictive filters 
coefficients. With a properly designed vector quanuzer, coding of the LPC predicuon 
parameters can be made accurate enough. In vector quantization the quanuzer looks up in its 
memory the set of coefficients which best matches the LPC predictor, according to a proper 
distortion measure. Then it chooses the address code stored in the memory’s codebook for 
ine sarepes ing set parameters. In our mode! the analysis frame length is 160 samples long (20 
ms). the LPC filter order 1s 10, and the codebook contains 1024 candidate set of parameter 
corresponding to 1024 vocal tract modeis). The the panera only 10 bits to transmit 


2 sequence of 10 quantized coefficients. and the quantization rate is only one bit per 
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was subtract first, the speech spectrum would be 








where 8 and M are the predictor gain and lag respectively. The long term residual is obtained 
subtracting the scaled (factor 8) and delayed short term residual from itself. 


Pitch, lag and § estimation 
It can be noted that the scheme siiown in fig.! uses, for 8 and lag estimation, an “open loop" 





>onfiguration. In fact the LTP filter parameters are determined during the analysis step, and 
they do not partecipate in the weighted error minimization loop. The model below 
demonstrates how the predictor coefficients are calculated: 

sin) + Prin) 
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e*=(1-B*) 
shere 3 is given ov: 
. ___ 20(0,) —_ 
" (0,0) +©(M,M) 
N-1 
and d(iy)=¥ r,(n-i )r,(r-j ) 
n=O 


N being the analysis frame length. Then, ¢* minimization leads to a lag choice, M, such that 
8> is maximum. With this formulation the reflection coefficient 8 always has magnitude 
smaller than unity and the resulting filter is stable. 

This open loop configuration has been compared with the closed loop one described by Atal 
in [8]. In this case the pitch predictor is determined in an “analysis-by-synthesis” way and 
the predictor parameters are chosen to contribute to the weighted error minimization. The 
optimum pitch delay is obtained by setting the multipulse excitation to zero, and filtering 





the signal rl(n) with the LPC predictor for each possible lag value. The value minimizing 
the weighted error is chosen. During this procedure the gain factor is set to one. 

Error minimization with respect to 8 leads to an expression which is used to find the 
optimum gain once optimum lag is known. This procedure may give a {8} value greater than 
one, producing an instability. 


Comparison of the results 
Comparison of the two configurations, open and ciosed loop, was tested under these 
cor ditions : 


“) analysis frame length: 160 samples (20 ms) 

*) lag was vaned in the range from 2.5 ms to 18.375 ms. corresponding to 
20 and 147 samples, for the open loop case 

*) lag was varied in the range from 20 ms to 35.875 ms (160 and 287 
samples) for the closed loop case. 

*) 3 bit uniform 8 quanuzation plus | sign bit 

™) simulations were carried out with a data base including two minutes of 
female and male voices 


results are the following: 


*) the closed loop conriguration shows a segmental SNR improvement of 
about 0.5 = 1 dB 

“) subjective quality is drastically worse in the closed loop case, especially for 
female voices. This is probably due to the fact that in the closed loop scheme 
the minimum lag !s lower bounded to the frame length. Therefore if the pitch 
frequency is high, the long term predictor only recovers a periodicity that is 
multiple of the actual one. This problem could be solved by shortening the 
analysis frame, but this would require a more frequent updating of the 
predictor parameters and an increased Dit rate. 

For these reasons the open loop configuration shown in fig.1 was the final choice. 


The multipulse block 

Multipulse excitation represents the residual as a sequence of a few pulses per frame. located 
at non uniformly spaced iniervals. The Dulses are nut specilicd a-priori Oul afe Cumpuy vis 
a frame by frame basis by minimizing the energy :n the weigthed error signal. The number 
of pulses placed in each frame depends on the desired speech quality. The more pulses per 
frame, the better the output quality. In our simulations we found that, oy emploving the pitch 
predictor described above, 17 pulses per frame produced a quality as good as the one 
achieved with the GSM tull rate algonthm, and the required bit rate is 7.55 Kbit’s. In order 
to reduce the bit rate to 6.55 Kbit/s, only 13 samples per frame have to "survive". 


Excitation computation 

The excitation analysis procedure has to determine both amplitude and position of the pulses. 
The pulses amplitude can be easily obtained with equations similar to those used to compute 
the all pole predictors [5]. However, computation of pulse locations is a combinatonal 
problem with no closed form solution. If the number of pulses per frame is m, and the frame 











length is N, an exhaustive search for the pulse locations is impractical, since it requires the 
soluuon of 


m!(N-m)! 


linear systems of the mth order. Among the sub-optimal algonthms proposed in literature, 
we selected the “optima! amplitude method", recently aeveloped by Atai and Sinhal in [8]. 


The weighting filter W(z) 

It becomes increasingly difficult at low bit rates to accurately match the speech waveform. 
Consequently, the mean squared error between the onginal and the reconstructed signal is 
.esS§ meaningful. Frequency masking expenments d:monstrated that the human heanng 
system has only a limited capability to detect small errors in the frequency bands where the 
speech signal nas high energy, as in the case of formant regions. Hence. to make use of the 
masking effect, the noise has to be distnbuted in relation to the speech power over the 
citferent frequency bands. The commoniv usec weighting runction is given Dy: 


bY Neal 





Pp 
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where the ¢ parameter controls the error increasing in the interformant regions. The use of 
the proposed filter makes possibie a simplified structure for the analysis-dy-synthesis loop, 
2s snown in fig.4. 
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Fig.4. Simplified coder scheme 
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The decoder 
Because of the coder structure, the decoder is very similar to the decoding part of the 
analysis-by-synthesis loop. In fact it consists of the cascade of the LTP and LPC filters 


driven by the quantized multipulse excitauon sequence. 
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Fig.5. Decoder 


Fig.3 shows two further blocks corresponding to a postprocessing o1 the reconstructed voice 
$l1(n). The coder discussed above can operate at a variable bit rate. depencing on the number 
of non zero pulses in the multipulse excitation. Below 8Kbit’s (correponding 1a our model 
to about 18 puises per 20 ms frame), the quality starts to degrade. with a degradation that 
is perceived as that of a signal corrupted by additive noise. One way to reduce this effect 1 
to emphasize spectral peaks, both in the envelope and in the tine structure. This is the 
function of the two postfilters which “re:ntorce” the LPC anc LTP spectrum peaks. The 
postfilters expressions are [3]: 





i. p 
A| =| [1-}° a‘a-* | 
la) 
&- a 
A | (1 - oa: A 
ae, ke! 
and 
L = O<<-<1 


1-P(z)1-7Bz™ 


Listening tests led to the following choices: 
a=05 o=08 +1+-=0.3 








Quantization and coding 
It can be noted from fig.5 that, for synthetic speech reconstruction, the decoder needs the 
LPC and LTP parameters and the multipulse excitation. As described earlier, the LPC model 
consists of 10 reflection coefficients, vectorially quantized by means of 10 bits. Concerning 
the LTP parameter, we used 7 bits for the lag information, which allow a lag excursion from 
20 to 147 samples, corresponding to a pitch frequency of 400 and 54 Hz, respectively. The 
8 gain is linearly quantized with 4 bits plus ! sign bit. Updating of the synthesis filters 
coefficients is performed every 20ms (once per 160 sample frame), leading to a bit rate of 
1100 bit/s for the prediction part. Thus there are approximately 5400 bit/s left to describe 
the multipulse excitation The following quanuzation was used : 

“) 13 pulses are transmitted every 20ms 

“) the maximum value among the pulses 1s computed and logantmically 

quantized with 6 bits plus one sign bit; its posiuon among the 13 pulses 1s 

Quanuzed with $ oils. 

“) the other 12 puises are normalized to the quanuzed maximum value and 

optimally quanuzec with 3 bits. For this purpose we used a siaustic obtained 

with a traiming set containing 6 male voice files and 6 femaie voice files, of 

1200 frames each (2+ s). The resulting statistic, shown in fig.6. was generated 

using the output or the Atal algorithm when the pulse numoez :s set to 15. 

The quantizer ievels were obtained by parutioning the total area into four 

equal sudD-areas and sinding their centroids. One more dit per sampie is needed 

tor the negative par: of the quantization charactensuc. 

*) Coding of all possible configurations of !3 position among 160 requires 


The multipuise excitation therefore requires 62 + 12 x 3 + 1 + 6 + 4 = 109 bits every 
frame. hence 5450 divs wnich. adced to the !100 bit/s required tor the prediction section 


give a total dit rate o7 6.S55KDivS. 
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Fig.6. 13 pulse amplitudes statistic 
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signalling on the A-bis interface; moreover some layer 3 functions of 
the BTS management (measurement resuit handling) are impleinented; up 
to four LAP D signalling channels are implemented in a card. 


The PCM Interface realizes the interface between the BEC cwitchine 
network and the BTS and/or the MSC according to CCITT Rec. G.703, with 
‘raffic channels and data iinxs at 64 Kb/sec; up “c elant interfaces 


re implemented in a singie board. 
Notice that for reliability the peripheral processors (CTSS7, UAP C) 
ang tne PCM inter Cperate with Ntl reduncency witin automatic 
reconficgurat:ion in case of = 

3. Circuit Design Guideline 
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To reduce the system size and tne number of cards, tne packaging of 
circuits per cards has been increased by means of a larce use ot 
surface mountin devices, of VLSI logics when availapie, of 
programmable logics (i.e. for chip selects and 32 MHz bus tracker of 
the telephony processor) and gate arrays as far as possible. 
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Six types of ASIC have been developed of 1.5 jum technology and up to 
12.000 gates; by means of these gate arrdys it was possible to 
implement large and very complex circuits is a single board (as eight 
PCM interfaces, a 23072 channels switching matrix, the telephony 
processor and four LAP D/CCSS7 processor). 


The power consumption nas been contained using as far as possible 
standard IC's of the families HC, AC, HCT, FCT and ASICs. 


~ ws 


ey 


pie modularity has been reached by centering in a 
base module oniy <ne capital functions and, in particular, by 
implementing in a n¢.€ processor only the indivisipie processes, 
i functions has been distributed among several 
n= iypes. 


i. PC Board and Backplane Technologies 


Mest Carcs imp.ementing the BSC are o6-iayer Printed Circuit 
Boards (PCB), manu.acitured using FR4 as a dielectric. The main 
characteristic of the _avout is the conductor width of 3 mils with a 
Minimum clearance cf = 7. 


Aimost ail components are Surface Mounted Devices (SMD). Both sides of 


=ne PC3 are used for components; thus it was possipie to optain nign 
density cards (fic. 2). As an example, the Octal Trunk ?CM Interface 
card houses 5.2 components, 1960 connections anc 1598 holes in a 
208x230 mm PCB, wnhicn tives a density of 4.84 components per square 
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Fig. 2: Te.epnacn: Fig. 3: Octal Trunk PCM 
ocessor Car: interface Card 
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All cards are designec for automatic mounting and all electrical nodes 
are accessible from tne soider side to facilitate the in-circuit tesv 

The Power Supply is equipped in an aluminum casting. This permits to 
dissipate the heat anc to shield the electromagnetic emission. 
Moreover to reduce EMI from the different types of circuit, a 


particular care has been taken to properly grour.ji them and to avoid 
electric loops. 
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The packplanes, that provide all the internal connections, also leads 
signals to the input/output connectors. The backplane is a fourteen- 
layer pcb with four layers for power and ground and ten layers for 
signals and is manufactured using FR4 as a dielectric. 


The backplane is 43Cx700 mm (wxh) with 8 mils line space, holes of 5.6 


mm and pads of 1.02 mm.This means that the maximum toierance, i.e. sum 
rn 4 ’ 


of all manufacturing processes must be within +/- 0.1 mm over a lenctn 
of 300 mm. 


“n the bacxp.iane of the pase moduie tnere are i276 connections, 22S7 
ncles and 86 connectors (Siedecon S 4 
power supply, coaxial for PCM iines, sub D connectors for stancarc 


The interconnections with tne expansicn medules are maae ov Tears 7c: 
mign gensity connectors (:.6 connectors witn 100 pins eacn, anc F.é- 
“cacies 

The Ilatcapie wires are used alternate:y for signal anc grounc <c 
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~eguce crosstalk. 


se 27.ing Zames voecause OF stuc ringing and capacitive .oacing c 
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| - oo 
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fixing subracks mountina 
iS mm and the mounting pitcn 


dimensions are h=700, 
=250, w=535 mm (432 mm internal). 

is compliant with EMC std Fig. 4: Base Module Fully 
Equiped Without Front Panel 
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“he apertures are seaied with contact springs 
and soft shielding gasket. 

The maximum aliowable heat dissipation in a - : 
suDrack with natural ccnvection is: 300 W erie 
with a AT of 25 K (fig. 4 - 5). 








6. Software Architecture 


The BSC scrtware architecture is based 
on the distrisutec processing scneme of ‘the 
system. The 4a..ocation cz functions to the 
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PPCo impiemen=t the iLeve: - 
Drotoco. stacks toward “ne 38T see 
napa) and tne MSC (CCITT SS7) ros 
. eee 
respec iive.* “S30 
; : fe 
Tne ZOPO processor implements <he — 
.eve. =° cf tne SS7 protocol toward & 
=ne “So anc the procedures —_ 
spec.ries py une Mcpiie App.:icaticn 
sarc “AP 
3 The cfLT precessor implements c=ne 
~ower evel or ine 2S: stack toward 
the Operaticnr and Maintenance 
~encre OMC). .t aiSO implements 
the interface =o the Local Termina: 
+. Tne Mec pro-essor 1s mM@in.v 
Sevoted *o0 ine Cperation = and 
Maintenance procedures, as directed 





by tre OMC. It aiso performs “ne 
Local supervision of the svstem, in 


terms of narcGware status handi.nc, 


fault detection and recovery, in Fig. 5: BSC Rack Ful 
order to ensure the required fault Equiped with Base and 
tolerance and reliability of the Expansion Module 


system. 


Because of the specific harcware structure, tne MPCC 4:50 

nvsical setting of digital connections througn 
the sSwitchin network for either voice, user data anc 
Signalling. it is to be noted that, because of processor 
load balancing reasons, some of the MAP functions, to be 
performed on a radio link basis, are allocated in the 
peripheral PPLD processors. In particular these functions 
are related to the handling of quality measurements and to 
the algorithm to initiate the handover procedure. 
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The system functicns are carried out with the contributicn 


of al 


comm 
runni 
proce 


—) 


l or some of tne processors. An interprocessor message 
mication mechanism is implemented so that processes 
Ng in a given processor can activate processes in other 
ssors. 


software organization in each precesscr reflects its 


iona4i role in the system architecture. Considering the 
ai prccessing units (MPCC and TDPC), tne following 
tion has been implementec : 


The Ggesign of the Operating System soitware is common 
' S ne s is 3nidue anc is 


S 
- : ~ 31,2 enre? . =< ; : = 
ompilec for “ne different CPU's iusinc conditiona. 
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mS acministrat:ve 


wr 
ang maintenance rUNCTIONS, iS seTomDeosec ,nto ne 


a8) Dror - or a . ‘ = 
Tne MPCC software, which malniy voeris 


~Oi.OWlLNG DaCKaces: 


a STATUS “MANAGER to =xeed unser controa tne 
Qperationa. status Of aii Narcwére aevices in “ne 
Svstem, Drocessing elitner internally or externai.y 
initiated status transiticn recuests. Alarm 
reporting <cunctions are ai:sc imp.ementec in tnis 
Dackeae 

: STEM MAINTENANCE, Drovicins “srceare recover 
tunctions ‘ault detection, <=as.t isc.ation ans 
service restoration) and naradware Jiaqnostic 
Drocecures -t should oe notec <mat <nhe MPCC is 
~=he master processor in driving ai. the recovery 

nd Ciagnostic processes for 3.. syStem narGware. 
DATA SASE ADMINISTRATION, provi¢ins orcscedures fcr 
f.itl@.izine tne system conricuration vata and che 
oDperationa.s oarameters SP LVAAG tne system 
aeons 

= NE 'TWOR} NT? es, 7 s@t-utD cliclitai connectior 
petween the A ang cine A.cis interfaces, as 
directed cy the ca.l processing scfciware in che 
TDPC processor . 

ROMINISTRAT IV: WARE, whose Main functicn is *< 
Drov 1de statistica. repor=s f ~ne system 


oar wr au —- - - —. ~ . .? ——- - 
"ne TDPC software, which main.v ump.ements the MAP 


procedures call controi, radio resource njAanaling, 
etc.), 1s decomposed in the foliowing packages: 


a) SS7 SIGNALLING, providing the uwevel 3 layer 
(Message Transfer Part and Signailing Connection 
Control Part) of the protocol used to interface 








he MSC on the A interface. 


D) LEVEL 2 RADIO, implementing the procedures of the 
Mobile Application Part for what concerns the BSC, 
as specified by the GSM recommendations. 


c) Fach software package resident in the MPCC, except 
for NETWORK CONTROLLER, have a counterpart in the 
TDPC which acts as "slave" of the MPCC resident 
"master". For example, a Data Base update process 
is driven by the DATA BASE ADMINISTRATION software 
in the MPCC, which may activate a "slave" process 
in the TDPC to update the TDPC resident portion of 
the Data Base affected by the change. 


7. Operating System 


The BSC system software runs under control of a proprietary keal 
Time Operating System Kernel called RTE+ (Reai Time Executive). This 
allows the implementation of a real time, multitasking,interrupt 
and/or polling driven system, optimized for the INTEL family of CPU's 
(8086/80186/80386). 


RTE+, as any real time kernel, is basically a resource manager, the 
nanaged resources being 


CPU time (real time) 
System Memory (dynamic allocation of memory areas) 
Task communication and synchronization devices 
(mailbox,semaphore, event) 

}. System Timings 


RTE+ directly handles these resources, and provides the application 
programs with the system services for their use. RTE+ is mainly 
implemented in "C" language, some critical routines being written in 
assembly language. Specific hardware dependent routines are coded 
using conditional macro expansion, in order to implement different 
code depending on the particular target. The application programs are 
seen be RTE+ as TASKS to be scheduled according to a given policy. 
Periodic Tasks are executed on a cycli basis at a high priority 
level, Prime Time Tasks are executed on the occurrence of real time 
critical events, Spare [ime Tasks carry out non real time critical 
activities and are executed when CPU time is available. 


RTE+ includes configurable components, which are allocated and .ni- 
*ialized at System generation time. These components are basically 
tables describing to RTEt the tasks it will have to run, including 
their attributes (task types, priority schemes,task entry points, 
scheduling parameters, etc.). 


Many application programs are specified and implemented using SDL (the 
CCITT Specification and Description Language). RTE+ supports the 
virtualization of a Finite State Machine by means of a pnarticular 
Prime Time Task (the FSM task) inside which all of the SDL processes 
are executed. 








The transiation from the SDL specification to the "C" Language coae is 
then made extremely straightforward: a one to one relationship exists 
between a given SDL process and “he "C" module implementing the state 
transitions defined in the SDL process itseif. 


The FSM Task basicaily distributes the incoming events te the proced- 
ures that execute the actions =o be perrormea for “he compination of 
the received event and of the current state of tne destination pro- 
cess. 
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Phe tooi interactive_y ver:iies the SDL syntax ana tne static semantic 
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of the system Sescriciicn. It is also pessinle to verify the dynamic 
behaviour of tne svstem Dy means of simulation running on the host 
macnine. 

The tool also provices automatic ceneration of "C" ccoGe; this feature 
has not Deen asec cecause cl “ne voeculiar:-y of “ne tarcet execution 
environment. Aiso tne hicn optimization requirec pv a real time 
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9. Sortware Configuration Management 


The software deveiopment environment has been set up giving 
particular emphasis to the software configuration control aspects. 
Again a commercially availabie CASE tool has been selected which was 
considered able to provide the Configuration Management procedures 
required to support the life cycle of a rather large software protect. 
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Mis tool is buiit around a revational data base system which is used 
is a repository for ail of the software components. These components 
sre described in the data base according to the functional breakdown 
of the system. Design parts of a specified type are associated to each 
level of the decomposition, and a predefined number of physical files 
(typically containing documentation and/or code) are associated to 
each design part type. In this way all hierarchical and usage rel- 
ationships between components are stored in the data base. 


The evolution of all components takes place according to predefined 
rules (each type of component has its own lifecycle); components may 
have many issues separately controlled by the Configuration Management 
system. 


The generation of the software system is assisted by automatic build 
procedures using a baseline mechanism to appropriately select the 
components according to a predefined criterium. This is normally based 
on the lifecycle status of the components to be selected. 


Changes needed to correct faults and to implement new features in one 
or more configurations of the system are handled by a change control 
system by means of "change documents". These basically describe 
problems found or requests of enhancements and the_- solutions 
introduced in the software. The change control system keeps track of 
the changes by relating each change document to the affected design 
part and to the components which are modified or created. 


10. Conclusion 


Innovative system design applied to hot duplication and fast 
fault detection together with a high density of packaging (both for 
Large use of SMD components and ASIC and for PCB designed to the 
limits of manufacturing technology) have permitted to obtain a very 
suitable BSC, both for reliability and reduced size, that is able to 
handle from 64 to 1000 traffic channels with gradual growth. 


The organization of tne software easily allows the mapping of system 
features into software modules. 

This in addition to the SDL approach to design and implementation 
greatly simplifies the addition of new features. The configuration 
management procedures also allow the generation of variants and multi- 
ple version of the system. 


108 














OSCILLATURS FOR GSM GROUND BASE STATION 


JP AUBRY, G WAGNER and V CANDELIER 


CEPE Compagnie d'Electronique et Piézoélectric:icreé 
44 Avenue de la GLACIE 95100 ARGENTEVIL 


The GSM program requ:res spec:f:ic¢ oscillators to be 
srounc stations. 


oue <5 various GSM grounc sase station des:icn, AE sas 
er ovenisec or temperature sompensé 


specification requires eica 


SCEPE has a hucne experience in sesign anc proauci.icsn sf sSLsca. 
tne : 


temperature compensatecg ana oven:sec oscillators, 
Military markets. 


insta_.ed in che 


Tecano.ogiesS avaiiad.e in CEPE, sucn as doubly rotatec suarcs srsta. 
Sut, surface mount printed Circuit Soarcs, monolithic cherma. sScruscure, PL 
unermal loop..., have to be usec to meet tne GSM svec:ificat:ions. 

We cresent in this paper, as an exemple, the design prccecure anc <=he 
e.esirica. performances obtained with smal. ovenisec oscilliatsrs, for which 
sizes hag Deen reduced to 40*20*1S xr (cvpe 3) ane co 40" sor 2s ete sy>e 


Resu.zts of qualification of tnese oscillators will ai 


a 


GENERAL REQUIREMENTS 
> pe acnievec are 


- small size 

- fast warm up 

- high temperature stabdi.ity 
- low ageing 

- low cost 


sc De sescribec. 


These requirements can be foundec difficult to achieve in ine case OF 


ovenisec oscillators. 


Our current production of professionnal ovenised oscil 


5 z 
basec on two families, PMT P and PMT. 


; ‘ 
2€@2Ors 1S MEswnev 


The latter one, PMT, exnibits a size of 51°41*25 mmr-. In oOraer tec 


prcpose sma.ler sizes, CEPE has developped two new oscillato 


The sizes has been reduced to 40*30*29 mm? (ctype 1) 


i 
mm- (type 2). 
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anc to 40*30*16 








The technology for the oven construction is based on the thermal 
regulation of a metallic volume acting as a common enclosure for the 
resonator and the first stage of the oscillator. 


The resonators are SC cut 3rd overtone in the range of 10 to 20 MHz in 
HC 37 can for the PMT and type 1 oscillators, and SC cut fundamental in HC 
18 for the type <z. 


DESIGN PROCEDURE 


Figure 1 gives the general structure of an ovenised oscillator. There 
s to be considered 
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*" the oscillator itself, including the crystal resonator, which is the 


, 


real “signal generator”, 


* tne output power stage acting as an isolator stage between the 
oscillater and the load, and giving the final shape to the signal, 


* the oven control network whose role is to drive the power heating 
e_ements, 


* the power elements, which are dissipating heat power to the metallic 


oven, 
* the oven, 
* the voltage regulator. 
All of these elements are to be consired individually to be optimized 
and the overall stucture have also to be worked on because of the "inter- 


element” mutual reaction of their performances regarding the GSM oscillator 
specifications. 


IaN 


ahs abe 








The following table gives the sensibility criteria between the 
oscillator structure and the key points of the GSM oscillator specification 


Xtal Osc OA OL OV VR 


F vs Temperature eve ae a2 =. il 
F vs load «* nee 

F vs supply voltage = * we ene 
F vs time (ageing) nae wae * a 
war up wee ™ aan =e 
power consumption ae nae * 

onase noise Ff x2 f .«f 2 zee 

size ae 2 =® ® 


wheie OA stands for Output Amplifier, OL for oven loop, OV for oven, VR for 
voltage regulator. 


The number of stars is an indication of the degree of criticity of the 
subd-fonction (colomn) versus “he sub-electrical specificat:on (line). 


One san see in tnis taple the inter dependance of the various des:cn 
parameters for the overall spec: fication. 


From this tabie, the choise of the crystal resonator acts on he 
frequency (F) vs temperature (T) behavior, on the warm up characteristics, 
On tne ageing, on <=he phase noise and indirectly on =he power consumpticn. 


The basic design approach of a resonator relates tO <he 
crystallographic cut (AT, SC ...}) and to the overtone to be used. 

The SC cut position in ¢& 4 
2, and the thermal benavior of 
figure 3. 


-Cure 
4 


ne cristalline matrix is discribed on 
n AT cut compared to an SC cut is given on 





Figure 2 
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When a crystal resonator is placed in an oven, one tries to give to 
tne resonator a F vs T behavior showing a “turn over" temperature arround 
the oven chamber <emperature. ‘ 

In an oven adjusted to work arround 80 °C, it can be seen that the 
“radius of curvature" of the F vs T curve of an AT cut is about 10 times 
iarger that she one of an SC cut at the same temperature. 


Then, frequency vs temperature will show a better stability with an SC 
cuz than with an At cut. 


Morecver, pdecause of the so called “thermal dynamic behavior" of a 
resonator, which gives the relationship between frequency and _ the 
temperature variation with time (df/f (t,T) - a * daT/dt ), the warm up 
characteristic will be significantly better with an SC cut rather than with 
an AT cut. 


SC cut nas been selected for GSM oscillators. 

Ageing is strongly related to the resonator either through the 
technology (clean process, know how...) and through the choise of the 
overtone mode. 

Depending of the exact ageing specification, fundamental mode or 3rd 
overtone can be used. Because of the size of the resonator, fundamental mode 


have to be choosen for the smallest oscillator (type 2) we are presenting. 


The oscillator must be very accutately designed. The main criteria are 
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# loaded Q factor, related to phase noise close to the carrier 
# phase sensitivity vs temperature and time 

# supply voltage sensitivity 

# drive level sensibility 

# harmonic generation 


Non linear analysis was used to optimise the oscillator network. 


The output amplifier have to be designed along with specific criteria 


# good protection against load variation 
# low thermal sensitivity 

# high selectivity 

# low noise 


Ciassical networks such as common emitter or common base single 
<sransistor stages can be used. 


Best compromise is =o be adjusted Detween the kinc, number of stages, 
surzsace on the PCS and cost. This optimisat:on found different solutions on 
she three oscillators we are presenting. 

The oven construction needs very soponisticated =hermal analysis. First 
cf all, the equivallent thermal network parameters nave to be determined as 


an zsnput to the determination of <=he PID loop, and the <=hermal pDehavior have 
=> 4#be optimised regard:nc “<nermal orcvert:es sucn aS temperature 
3iscribution in tne structure, thermal leak ways, temperature drift between 
sensor and resonator..., within extreme conditions cof external temperature 
and heat dissipated on the oven. 


Finite element thermal analysis was used *o determine basic rules 
recarding the design of small size low power ovens. 

The network used to drive the Sistors from the 
=nermal response of the sensor (generaliy a thermistor), must control either 
gain and phase of the correction sig Ss can be used to 
Carding accuracy, 


achieve this fonction. The best comoromise we fcund, r 
size and cost, is a PID (Proport:ionnal, Integrator, Derivator) thermal loop. 


The last critical part in an oscillator design deais with the voltage 
regulator. Usually, the oscillator must exhibit performances in various DC 
external voltage supply variations. Then the oscillator must be protected 
against these external verturcsat:on. The er" :s the veltage regulator 
used to supply the internal oscillator. Natural sensitivity of the 

7 volts. To garranty a 


n Zé. } 
- 


~+ 


"internal" oscillator is in the range of 10 °° per 
e voltage regulator must 


frequency variation better than 10°”% per volt, th 
exhibit a DC output stability better t'an 10 mV. 











EXPERIMENTAL RESULTS 


The figures N° 4 to 14 give typical 


results 
oscillators of the PMP, type 1 and type 2 families. 


obtain with the 


Figures 4 to 7 are related to a PMT type oscillator, whose dimensions 
are 51*41*25 mm~: 
Figure 4 gives =ne summary of all the measurements performed on this 


oscillator. 


C.E.P.E 
STATEMENT OF MEASURE 
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2) Frequency stability as a function of environment 








<.2) Supply voltage 12V 2% 10% 
=.2) Load «{ SON *& 10%) 


~) Erequency adjustement : 





2.1) By external trimmer 
or by positive voltage (1.7 V) 


Joa) 


Voltage for nominal frequency 


4) Current consumption : 
4.1) Turn on a 25°C during the warm up 


4.2) Steady state at +*25°C 


S) Output signal level / SOR 





6) Frequency stability as function of time 
6.1) Short terme Y (1 Seconda) 


6.2) By day after 9& hours on time 


&.3) By year after 30 days on continuous operation 


7) Relative frequency stability #@¢@ng after a prior 








24 hours turn off 





7.1) Biter © ainutes OF- 30¢ 
7.2) After 60 minutes ot 4 16°C 


F.3) Waser oP Lome ot - 30° 


Figure 5 gives the frequency versus temperature drift in th 
30, 70 °C. The observed Stability is better than 5 10 


the spec limit of +/- 1 10 78, 
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Figure 6 gives =he ageing results of 


the oscillator is measured every day and 
this curve, the monthly ageing is better 
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Figure 7 gives the spectra density of phase 


Classical form, 


proportionnal to 


ift is pl 
han 4 10 


fluctuation. 


The 


is observed between 0.1 and 10 Hz, to 


f-1 between 10 and 200 Hz, and a noise floor better than -155 dBc/Hz is 
1 kHz offset from the carrier. 


obtained for frequencies farther than 
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Figures 8 to 11 are related to a type 1 GSM oscillator, whose 
dimensions are 40*30*19 snm-- 


Figure 8 gives the summary of all the measurements performed on this 
oscillator. 


TATEPSINT OF MEASUREMENT 





STP 
° 2 Perse 
Seats 
PHOQueNcy Staberty as tunciics cl enwwuswnent Soecihcanon fAcasurement 
"3 Temperature sance 1 10°C 70°C) ~ = ° 106 AAC ee 
: et 
2) Supely voltage 'D V+ 10%) <2 03 S40" p Pp 
12 Alter veaem vo in Ine LeMperaiue range <« =-£°‘o8 B 4c So r 
oe’ Current COoNsuMoOTON 
21/4 Dung the warm up < 409 mA 38S m& 
22) Steady state a: 28°C < !20 mA AAO MA 
2 3/  Steedy State on temperature range < 250 mA Slo ma 
3 Output signat 
2.1/ Shape Square wave TT. 
compat Die 
3.2/ Symetry 47/S3% $0, le 
4/ Oven aiarm VOM when O£ 
VOL when oven 
18 Droaen 
s/ Aging 
1440> 
$.1/ Per month < 2 8.109 - FA 
6/ Phase nose See curve 
7/ Frequency edpustinent > 1.10-6 4,5 Aos ‘9 g 
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Figure 9 gives the frequency versus temperature drift in the range - 
10, 70 °C. The observed stability is better than 5 10 “9, to be compared to 
the spec limit of +/- 1 10 78, 
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Figure 10 gives the ageing results of this oscillator. From this 
curve, the monthly ageing is better than 8 1079, 
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Figure 11 gives the spectral density of phase fluctuation. The 
Classical form, proportionnal to f-3 is observed between 0.1 and 10 Hz, to 
f-1 between 10 and 200 Hz, and a noise floor better than -155 dBc/Hz is 
obtained for frequencies farther than 1 kHz offset from the carrier. 
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Figure 12 gives tne summary of all the measurements performed on thi 
oscillator. 
STATEMENT OF MEASUREMENT 
wvee 
tO "8 Parez 
ye S$ 3 635%3 
1 FREQUENCY STABILITY AS A FUNCTION OF OPERATING CONCITIONS §/ FREQUEMCY ACSUSTIVENT 
. ° g 
1.1.4 Temperature range 1 O°T 10 = 7O%T) A Ao Si.) Fy eatena: pecentcmerer 41.410°° 
_ ; ; 5 3 8:06 
1.2. Pewer suppty 12 V = 10% < Ado po ’ 
1.3/ (ose tl to 2 HCMSOS (OA0S) < 4 40 2.2 
6./ LONG TERM FREQUENCY STABILITY 
24 OUTPUT SIGNAL 2 4~ 10 
6 i Per Cay a,a?40 
2.1/ Wave torm HCMOS Companbuty 5 
62 Per monn 46,7 AO 
2.2/ Outw tactor «& 7%. 
3.) WARM UP 74 PHASE NOISE 
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3.2/ att ' - 3 4o-¢ 
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3.3./ After 5 ma switch on at - 10°C 4 AO 8 
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a 
4.1.4 Ounng werm up €40 rr 226.108 - 30 
4.2./ Steady state 25°C 420 mA 2 2.6.10°7 2 , 
4.3./ Alarm tevel Steady siete vOw HCMOS 
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Figure 13 gives the frequency versus temperature drift in the range - 


10, 70 °C. The observed stability is better than 3 10 “8, to be compared ‘to 


the spec limit of +/- 110 7. 
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Figure 14 gives the ageing results of this oscillator. From th: 
curve, the monthly aseing is better than 8 1079, (spec limit : +*/- 3 10° 


= “se 


per month). 
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Figure 15 gives the spectral density of phase fluctuation. The 
spectrum proportionnal to <-> is opserved between 0.1 and 10 Hz, to ¢~i 
between 10 and 200 Hz, and a noise floor better than -145 dBc/Hz is obtained 
for frequencies farther than 1 kHz offset from the carrier. 
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QUALIFICATION 


These oscillators have seen suomictec to a qualification procedure 
acrees with customers. 


The qualification tests sersence seneraly used is as followed 


pre ageing (< 2 mon=in 

snitial electr:ica. measurements 

humidity 

=nermal shocks 

mecnanical shocks 

soigeraDdility anc sclder heat res:stance 
visual inspection 

evaluation of age:nc ennhansemen: vs natural 
final electrical measurements 
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The initial and final electrical measurements cover : 


* short term stability 
* power consumption during warm up 

Stacy state at 2& °C 
* electrical tuning nomina: 


* output power 
* harmon:cs / non harmonics scur:isusses 
* Frequency sensibility versus cad 


. 
- - 


* Frequency variation in temperature rarnse 
& 


7 4 -< ° 
* Warm ur after turn off : 
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- mami Si mee in 
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er ad - 
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Tne GSM Grounc sase oOScl..4t0r Spetllasaticnse can pe mec wnen using 
-=s - - > 7 - . : = - = f= me.-. - 
cate of che art of oscillators design anc manufacture concepts. Design <c 
SOSt ana SeSign 25 Manulracturadl.ity pors vec =o De power iu... 


ya é 
=90isS wnen working on high technica. devices <c une = 


7". = na -s r=.) _ r=: -.+-=- -s |e -- ° - ~~ “ne a <sovVv 
one exnver.imentac anc Cat.8e3cae >-2sSu.<SF SnDh onias es woe. 
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LIQUID HEAT SINK, A NOVEL APPROACH FOR ENHANCED COOLING OF 
MICROELECTRONICS 


RUDI VAN SAN 


3M BELGIUM N.V. 
EUROPEAN TECHNICAL CENTER 
HAVEN 1005 
CANADASTRAAT 11 
B-2070 ZWIJNDRECHT 
BELGIUM 


The continua. drive for smaller and denser microeleccrsn:ic packaces makes 


SSO.LLNgG &@ TOUS ensineersins prod.em. 
2 some cases, neat cluxes Deyons che cooling capab:.ic:ies of forced air 
csc.ing occur. Immersicn csoling with a dielecesic i:qguic is she solution. 
mR Srawback Cl .iculc immersicn cooling is the desicr of & complex Liquid 


> appiicacions in tne sanse Secween forced air cooling and Licguid 


~ 
a” 
-} 
‘ . A ‘ . ° - , 
m™=7ersion 223 arf *mere :8 a Solution available nae: weiah offers “he 
ovmbe ~~ & ee www em mets y wesGoe -=- Swe we ee we ae we bb i= i ctw biawwst wo oe - wee 
e aa ‘ . . « ° . 
te — Tn teed ~ ~-<- ~ a ae aARAne a ae AA a) ee ee ee ane ee a ee | os memes en) 
a = s~aces — Gas OS eo ee en eee _ Wim wee ope PE l-o->- -—~ ea “@ ~= oe ee te ee na ees 
- ~ 4 -~- ons ~ “Anes raat > hale 
~~ o6A@. Wit ome eee ww tew ie ene 
= 


TaLS NOvVe. approach is called <=ne Liquid heat sink. It cons:sts of a 
S-ascic soucn, completeiy fii:.ed with a fluorocarson iigquié. The iigquié 
heat Sink cltup.esS the scace zectween the electronics and outside walls of 
the cabinet in which tne electronics are housed. The -iquid heat sink 
sransters <n2@ heat <Srom <sne components to she cold s.ate cr che container 
W&..S. 


--) TRENDS IN MICROELECTRONICS 





New develcomen=ts in microelectronics require the development of new 
asroroacnes in tnermai managemenz. (i) The followins paragrapns highlight 
scme of cre microelectronic developments. 


sntegqratec circuit Gie sizes will be increased from approximate.y one 
re cenuimeter =o two square centimeters by the vear 2000. X-ray or ior 
jected =o permit feature sizes to shrink from 
cron to one tenth of a micron by che vear 2000. (Fig. 


Increases in the chip circuit density are the result of the smaller feature 
Sizes being produced. For DRAM (Dynamic Random Access Memory) devices, the 
chip density is projected to be approximately 1E+07 bits per chip in the 
late 1990‘s. CMOS (Complementary Metal Oxide Semiconductor) and bipolar 
logic dev:ces, although lagging the DRAM devices by 2-5 years, are also 
projected to increase in density. (Fig. 2). 
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= s and V_ . _ 
Figure 2 CniDd density trends 
r . 4 ‘ _ —_™~ ss - “~~ ~ - = } 
Switching sveecs are GrO0rine aramaticail Conventional aevice > 
- : aa : 


oyected to converge tc fifty p.coseconds s 
2000. Josephson devices are prcovected to have switching 


Speecs of cone 
, 9 . CRAY. % Woing ECY Em j Coun) "aw A 
icosecond by 1995. The CRAY-2, using ECL (Emitter Coupled uosic 
echnology, has an in-ch propacation delay of approximately <hree huncred 


th et 'o 


+P pprox 
ifty picoseconds. The CRAY-S (2), using GaAs technolo 
devices is reported to have a chip propaga la 
picoseconds. (Fig. 3). 


If the thermal management system is not improved, the component 
temperatures will start rising. 











Figure 3: Switching speeds 


The failure rate of IC’s (Integrated Circuits) is dependent on temperature. 
Fig. 4 shows the acceleration in failure rate as a function of the 
temperature. In this case the failure rate doubles for a 10°C temperature 
rise. This demonstrates the importance of operating at the lowest possible 
temperature *o increase the reliability of electronics (3). . 





Figure 4. Thermal acceleration of failure rate 








III) DESCRIPTION OF THE LIQUID HEAT SINK 


The liquid heat sink consists of a plastic pouch, completely filled with a 
perfluorocarbon liquid, and is used as a heat transfer vessel with a 
standard thickness of 3.15 millimeters. The pouch is closed by impulse 
heat sealing. Several tests are made on the pouch, to assure quality and 
reliability. 


1) The plastic film 


The pouch is comprised of 4 Layers of plastic film with an overail 
thickness of 0.15 millimeters. The 4 components from inside to outside 
are chosen for : 


* excellent heat sealapility, 

* good mechanical strength, 

* gas and cicuid Darrier properties, 
* flame retardancy 


The thermal conduct:vity of =he piastic material is measured <o be 


Ke sim = 0.231 Watts/meter . centigrade, according to method ASTM F-433. 
22ift 


2) The perfluorocarbon liquid 





The liquid used to £i.1 she souch is FLUORINERT (TM) E.eccronic uicguid. 


The FLUORINERT (TM) Licuids are members of a family of completeiy 
fluorinated organic compouncs that have a unique combination of properties. 
They are derived from common organic compounds Dy replacement of all 
Ccarbon-bound hycrogen atoms with ucrine atoms. Fluorocarbon compounds 
Can be perfluoroalxanes, perfSliucrotertiary amines and perfluororolyethers. 


- 


Since fluorinaticn ct =he crganmic compound is complete, the prceduct 
contain no nydrogen or chlor:re. This makes the properties of =hne 
fluorocarbon liquids vastiy d._fferent from hydrocarbons or 
chlorofluorocarbons (commonly used as degreasing solvents, refrigerants and 
aerosol propellents). 


The FLUORINERT (TM) Uicuids are extremely non-polar and have esentially no 
solvent action. They are colorless, odorless, low in toxicity, and 
non-flammable. They also have high thermal stability, law chemical 
reactivity, and leave essentially no residue. Their non-polar character 
leads to many of their unusual physical properties, such as low heat of 
vaporization, low surface tension, and low boiling point in reiation to 
their high molecular weights. Some of the physical properties of the 
fluorocarbon liquids are shown in Table l. (4) 


When looking at heat transfer equations, one can see the heat transfer 
coefficient can be maximized with :- 


* high density, heat capacity and expansion 
* low viscosity 
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ical fluorocarbon cooling liquids properties, compared to other 


TABLE 2 


transfer media. 
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3) The liquid heat sink (5) (6) 





The plastic pouch is filled with perfluorocarbon ligu:dc and then degassed 
to prevent she introduction of gas bubbles during use in =ne eiectronic 
assembly. The current maximum operating temperarure of tne bag is 80°C. 
This maximum use temperature is set by film properties anc sea. strengths. 
In actual use, che .:cu:d heat sink should be sanc.w:.cne=s setweer “<a 





electronic components and a cold plate with a minimur concact pressure 3s 
7000 Pasca. <5 maximize the heat transfer. 
This cold p.iate can de the cabinet wail or a sclanar neaz excnanser. 
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Heat flux, Acold/Acase240 
Q/aA 
case wT (a) (b) 

(W/sq cm) 

1.0 [ = 
Acold/Acase™! 
0.0 r _ + 
0.0 20.9 40.0 60.0 #£80.0 


Tz T -T . °¢ 
4 case coid ("o) 


(a) horizontal orientation 
(>) verztical orientation 


Fig. 7. Heat transfer measurement 


The lower pair of lines in this graph represent data collected for a liquid 
heat sink between a heat source and cold plate of equal areas 


(A. /A — = 1). The urver vair of lines represent data collected for a 
sma_. heat source in contact witn the LHS and a larger cold plate 

A ‘A 40). 

( cola’ case 


The increase in iocal heat flux, Q/A ag? for the small heat source is due 
¢ 

primarily to the lower average operating temperature of the LHS and the 

improved conditions for fluid circulation inside the LHS. 


In typical applications, several devices will be in contact with a single 
liguid heat sink and the power level may vary significantly from one device 
to another. This makes it difficult to accurately predict the heat 
transfer performance “hat will result from use of the LHS. However, the 
Graph at Fig. 7 and =he empirical equations given below, can be used to 
estimate a range within which the performance can be expected to fall. 

Fig. 7 also illustrates the effect of orientation on liquid heat sink 
rformance. The lower pair of lines with A /A = 1 show that the 
heat flux for a given temperature difference 23450 *Afgher for the 
horizontal orientation compared with the vertical orientation. This 
difference is a result of the shorter convection flow path in the fluid for 


horizontal orientation. 


The difference in performance with respect to orientation is much less 
(approximately 10% in Fig. 7) as the area ratio between the cold plate and 
the heat producing surface increases. This is probably due to the creation 
of a shorter convective flow path as illustrated in Fig. 8. 
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Fig. 8. Effect of orientation on heat transfer medium 


= 


Data from the graph at Fig. 7 was used to develop the foliowing equations 


Equation 1 - Horizontal orientation 


Equation 2 - Vertical orientation 


i 


1.28 0. 
Q. (7 - T ) (AL. /A ) 
= sold Sals___2a8@ 
—Case 307 ~~ 


/ 


(2) 





These equations can be used =o estimate =the thermal performance of <=he 
liquid heat sink for the heat flux from <=he device case up to 3 watts per 
square centimeter and for temperature differentials (T ) of up 


to 70°C with less than i5% error. 


case “sold 


Vv) THE EFFECT OF CONTACT PRESSURE ON HEAT TRANSFER 





As discussed earlier, the thermal resistance or heat transfer coefficient 
is dependent on the contact pressure between the liquid heat sink and the 
electronic components. This has been determined by comparing the heat 
transfer coefficients at different contact pressures to the heat transfer 
coefficient measured at 11000 Pascal. 

The results of this investigation are shown in Fig. 9. 
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Fic. 9. Effect of contact pressure on heat transfer 


an be seen that the heat cransfer coefficien= is maximized up to 95% at 
a minimal contact pressure of 4000 Pascal. A lower pressure, small air 
saps DSetween <he pouch and =he electronic components or the cold plate 
occur reducing she heat <ransfer coefficient and increasing the overall 
caermal resistance. 


VI) ADVANTAGES OF A LIQUID HEAT SINK OVER OTHER COOLING TE UE 


- By eliminating air flow across the circuit bears, <=he liquid heat sink 
will keep <=ne system ciean. Dirt and lint brought into an electronic 
ng-cterm reliability problems. 


O 


system can .ead to 1 


- Forced a:r ccoling generally requires wide spacing between circuit boards 
=O obtain acequate air flow distributicn. Liquid heat sinks can be used 
> reduce <=he physical size of the electronic assembly. 


- Unlike some materials used =o conduct heat awa, from a printed circuit 
scard, tne liquid heat sink has a flame resistant outer layer. 


- The liquid heat sink operates at a fairly uniform temperature. The fluid 
is constantly circulating in the liquid heat sink during operation and 
provides a uniform temperature in contact with the circuit board. This 
can be helpful in systems that operate at high speeds. Temperature 
differences between devices operating at high speeds can affect their 
ability to communicate. 


- One additional advantage beyond removing heat from the circuit, the 
liquid heat sink can act as a shock absorber in some applications. (4) 
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VII) CONCLUSION 


The liquid heat sink offers a solution to thermal management problems. The 
generation presented in this art:cle is able to deal with heat fluxes in 
the range of forced air cooling, without the concerns present with fans and 
air flows through a system. 


VIII) S OLS, ABBREVIATIONS, AND REFERENCES 


A = surface area in L* 
= surface area of <he device case in contact with the liquid 
case 
heat sink in cm? 

A = surface area of the iiquid heat sink 

cold 

Bois = thermal conductivity of the plastic film 

214m 
3" = heat flux in W/cm? 
Q = heat in W 

ry = temperature in °C 

t = temperature of <=he comscnents in °C 

case 

3... = temrerature of <he coc place in °C 

cold 
At = temperature Ccicterence sver sne LHS in °C 
~-MOS : Complemenzary Metal Ox:de Semiconcuctor ECL : Emicter Coupied iucg.c 
DRAM : Dynamic Random Access Memcrvy IC : Integrated Circuit 
GaAs : Gallium Arsenide RAM : Random Access Memcry 
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800 MHZ DIELECTRIC BANDPASS FILTERS FOR 
MICROCELL DIGITAL CELLULAR BASE STATIONS 


Youne! Ishikawa, Jun Hattori, Toshio Nishikawa, Yoshihiko Asnida 
Murata Manufacturing Company, Ltd., Kyoto, JAPAN 


Abstrac* 


A nove: nicn power Dandpass filter usinc TM:c Gua! moce dielectric resonators wes 
Geveionec. i M:1c Gua, Mode !s acnievec wiih cieleciric resonators physically coupled in an 
asymmetrically ortnoconai manner. jhese arravec resonators are constructed in monodiock 

anc nave 1c" unicacec G. Sy assemoiing trese resonators. 2 tign power bandpass jiter 


in 800MHz was vea.zeq. Specific features acnievec witr ws new filter are, verv iow 
msermon :oss of ‘ess ‘nan 0.4c8 witn center frecuency o° 840MHz ana dand wicth of 
4O0MHz, anc ts sma! onvsicai size of 830x90x 180mm. wnicn corresoonds oniv iess thar 30% 

of shee conventiona Tye of 110N DOWe” Dancoass filter usinc "eent-ant cavity resonators. "7s 
filters usetu. 2s am actenne filter for =DMA celiuia’ case stations as well as microce!’ c:cita. 





Introguct 
Caiiuiay mooie ‘2iecommunication systems are expancinc rapidly worid wide. Fo ne 
base siaticr 2culoments of these svsiems. nicr Dower filte- was Droposed bv aoplyine TM: 


! ezturing smali size anc nicn 
"cnese Titers are 7 actua: ooeration as antenna filter of =DMA celluiar 
veral vears.“ ~~ A tecnnoiocy was ceve.coed to realize a 4GH= sanc 
ic TeSONAIO’ DWVS.cary COuDIeC iF cTTOCONai manner anc arravec 
| ter). Bv using 7's tecnnoaiccy. 2 +-section dieiectric fiitey wes 
reaiizec m smalier Siz2. WNICN wes apdliec ‘or an equinmer: 1 cerrestrial stations of 4GHz 
Nc satelite svstems. * 

As microce!: Svstems are Deing Drorectec. smaiier in size. 2Ss expensive, and reiiazie 
equipments are recuired for the Dase stations. To meet ‘his *e ndency, mucn smaller. more 
effective. anc Griv veliaDie filter is requested. For this purcose, new technologies were 
deveiopec, namely 2 forming tecnnology of full monodiock voe TMi10 dual moae dielecinc 
resonators. anc @ cesicn tecnnique of mult:-section Dancoass filter. By utilizing these 
tecnnoioagies. 2a nicn dower, nigh performance dieiecinc filter in smaller dimension has deen 
aGevelopec for 800MHz iz Dand cellular Dase stations. Electrical perlormance and construction 
of 800MHz banc ASODR, and consiruction, design. anc performance of filter utiiizinc 
ASODR's are described in this paper. 


fy 


Electrica! performance of ASODR 


Flectric field distribution of TM:10 dua! resonant moae of symmetrically constructed 
orthogonal! dielectric resonator is shown in Fic. 1. Two modes generated are called even 
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mode and odd mode respectively. The two resonant modes are ingepenaent of each other, 
and electromagnetic coupiing is not created, thus no series coupled multi-section filter can 
be realized. Electric field distribution of asymmetrically constructed orthogonal TM:10 dual 
resonant mode is shown in Fig. 2. The dielectric posts are partially removed at the 
overiapped cross junction. This asymmetric construction causes eiectricai oerturcaticn 
netween the two modes. The two resonant frequencies createc are callec ‘,,., ANC ‘44, 
wnereas *,,, !S nigner than *,,.. Comparing with TMi singie moce dieiecric resonator, 


ver" 
aearacation of unloadec C !s jess than 5°. 
The advantage of ASODR is tnat the degradation of unioacec © av cnanaine che 
couoling coefficient(k) :s smal! enouch, and thus iarce k cén de reaiizec. =c. 2 snows cre 


reiation between k anc unicacec &. When a conventiona! meta screw !s acpiiec. maximurr 
Vaiue of kK 'S adout 4%. anc unicaaec C !s ialling down tc apout é nai? vaiue. On tne o:re” 
nand, the result of ASODR oroves that the maximum x car pe more tnar 10%, anc ‘ne 
ceviation of unioadec © 's ess tian 8%. ine k value Can D¢ Controiiec easily and siaply ov 
the gepth of grooves at the cross iunction of resonator dosts. Fig. 4 snows the relation 
oetween « anc d/D. Exoer:meniai reiation !s representec dv followinc equation. 





K = 2.0x(Foo—foven!/(focanfeven. = 0-281x(a/D-0.4)'** 


Desian parameter can oe caiculated Dy using inis equation. 





A full monoblock TM::>: cual mode ASODR in 800MHz banc was deveiopec. 
construction of which is snown in Fig. 5. Dielectric materia! is (Z7-Snj)TiO«. with dielectric 
constant of 38, dielectric ioss tangent of 4.0x10°° at 800MHz bana. and temperature 
coefficient of about 0.6 n9mM~C. TMs dielectric resonator Dosis and ames are formec ir 
“4!! monobiock, which is the saricuiar feature improvec from tne former result of ASCDR 
i; 4GHz banc. Thus the droauctivitv could be Crastical'y :morovec compared with th 
conventionai nand assemovv of -esonators with frames. Tne eiectroce or the outer sne: ‘s 
jrec silver. Resonant Tecvency can ce tuned ov nicr K ceectrc roc very gasiiv anc 
‘ineariy. Coupling constant :s controilec oy the design of whe grsoves at ‘ne cross Wetertote 
of ‘ne resonator sosts. ASCOR in 800MHz bana ras unioacec 2 o* anout 3000. anc u%er 
dimension of §0x60x50mm. The outer shell with dielectric Tames resuits in ‘ittle aegracation 
of erecirical performance, evicenced by the aeviation of ‘ne resonan: frecuency of less tnan 
2%, and the degradation of unioaaed Q of less than 7% comparec to these witn soiia metai 
shell. The well-known probiem of contacting dielectnc resonator posts steacfastlv with tne 
metal frames is solved by the full monoblock construction. . 

Basic construction of high power bandpass filter in 800MHz banc is shown on Fia. 
6. In the last ASODR filter in 4GHz band, only one ASODA with two TMi single mode 
dielectric resonators are applied to realize a 4—section filter. This tme, filter design technique 
has been improved, and a 6-section filter can be realized by using only 3 ASODR's. 
Obviously the number of resonator blocks required for a filter can be reduced down to a half 
by applying ASODR's, thus contributing to further size reduction. 

Coupling between the ASODR's can be realized by conductive slitted silver plated 
ceramic fins, and by the spacing of the fins. This fin enabies selective coupling of only one 
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directional pair of TM110 dual mode of ASODR's arrayed in series. Coupling of the resonators 
with external loads of input/output are realized by coupling coils, which are adjusted to 
couple only with one directional resonant mode. Outer electrode of ASODR is grounded, and 
resonator is grounded by soldering through meshed metal foil. 

These are the key technologies, based on which a bandpass filter composed solely 
of ASODR's has been materialized. The filter is mounted in a metal housing to assure the 
positioning of the resonators. This construction guarantees high stability against mechanical 
shock and high reliability in the specified ambient temperature and humidity. 


Filter l 

Equivalent circuit of the filter is shown in Fig. 7. The value of filter design parameters 
are determined by the design technique of conventional Chebysheff pass band 
cnaracteristics. The resonant frequency of each resonator can be tuned by inserting 
dielectric rod. Tuning range is about 8MHz, and frequency shift is proportional to insertion 
iencth of the rod, consequently tuning is very easy. Unioaded C of the resonator will not be 
degraded by this tuning procedure. Since coupling between the resonators are designed 
precisely, the coupling constant must be adjusted very accurately. Coupling of external C 
is adjusted by the shape and size of the loop coupling probes. 

Energy loss at each dielectric resonator is caicuiated at 1.4 Watts maximum during 
@ total inout power of 70 Watts. Temperature nse by the loss at each dielectric resonator 
i$ Caiculated Dy numerical analysis, anc this vaiue with ASODR construction is suppressed 
to less than 10 degrees. Fig. 8 presents analytical results of temperature distribution of 
ASODR, which proves that the degradation of filter characteristic is minimum. 

When two input signals with different frequencies have power level of 30 Watts, 
electric field intensity in dielectnc resonators is calculated to be 17 V/mm maximum by using 
-EM technique. Under this condition, experimental measuring results exhibits that the level 
of third order intermodulation is suppressed to less than -150dBc, which is low enough to 
Cause any negative influence in the receiver band. 


Performance of the filter 


A prototype of a bandpass filter in 800MHz band was realized by applying ASODR's 
oniv. Performance of the filter is shown in Table 1. The filter has 6-section construction, with 
center frequency of 840MHZz, pass band width of 40MHz, insertion loss of less than 0.4dB 
over the whole pass band, and return loss of more than 22dB in the pass band. Attenuation 
at fo+60MHz measures more than 46dB. Frequency response of attenuation and return loss 
are presented in Fig. 9. It shows good agreement between calculated curve and obtained 
one. 

Operating temperature range is between -10°C and +60°C, and humidity range is 20 
to 80%. Frequency stability is about 1ppm/°C, and the drift of center frequency is about 
30kHZz. 

While input power is 70 Watts, temperature rise in the resonators is about 9°C, which 
coincides well with the calculated value. Measured temperature distribution in ASODR is 
shown in Fig. 10. Maximum input power can be up to 500 Watts. Measured value of third 
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order intermodulation is less than -150dBc. 

Physical size is 80x90x180mm, which corresponds to about a half of dielectric filter 
applying only TM110 single mode resonators, and about a quarter of conventional filter with 
reentrant cavity resonators. Thus a great deal of size reduction was realized.(cf. Table 2) 
The filter weigns about 3.0kg, and can be handled easily. Mechanical shock of 50G 
maximum does not exert any adverse affects on filter characteristics. 

These results shows successfully good practical performance and reliability. Outlook 
of this filter is shown in Fig. 11. 


Conciusion 


Full monobiock construction of TM:1:0 dual mode dieiectric resoator(ASODR) nas 
been realized with unloaded Q of 8000 minimum. A filter design technique was developed 
to aoply soieiy ASODR's, to realize a 6-section high power bandpass filter with only 3 
ASCOR's. Finally, a new bandpass filter was developed by applying ASODR's, featuring 
sail size and high reliability during hign power operation. The filter has center frequency 
of 840MHz, with insertion loss of less than 0.4dB, return loss of more than 22dB. During the 
inout Dower of 70 Watts, the temperature nse is !ess than 10°C, and intermodulation level 
is ‘ess than -150dBc. The physical dimension i's 80x90x180mm, which corresponds only a 
quaner of what has been realized by reentrant air cavity resonators. 

By the technologies described, a nign power bandpass filter could be realized in 
sm™a@..er aimensions with promised productivity. This filter is useful as antenna filter especially 
for ne microcell operation, which is said to be one of the significant aspects of the coming 
dicita! cellular services. 
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Abstract. This paper describes the main results concerning the implementation ¢- 4 prototype 
numerical receiver of the future European Cellular System GSM (Group Spas. Mobile). 
The proposed Maximum Likelihood Sequence Estimation (MLSE) receiver basv: on Viterbi 
algorithm compensates selective distortions due to the multipath propagation ~td Doppler 
shifts. The performance of this receiver is evaluated using a channel simulaie: suitable for 
mobile communications. 


1. INTRODUCTION 


The Pan European celluiar mobile communication system uses narrow band @:ste Division 

Multplex Access scheme. 

The propagation of the electromagnetic field between the fixed station and he -nobile unit 

is affected by many factors, including tropospheric scattering, diffraction frow natural and 

artificial obstacles, topographic and environmental conditions. All these facte:s ‘ead to the 

propagation conditions may significantly affect the transmission quality. In ;wicular, the 

signal quality can be seriously disturbed by the time - varying intersymbol «terference 

introduced by the multipath mobile radio channel. 

Section 2 leads off with a brief review of GSM structure and then, in the Swtion 3, we 

describe the simulated mobile radio channel implemented considering the foliwwing main 

impairments: 

- flat Gaussian noise ; 

- Rayleigh (and Rice) fading with Doppler shift and multiple echoes as mpresentative 
of different geographical areas. 

The Section 4 presents the study and the implementation of an adaptive maximum likelihood 

Viterbi receiver for signals transmitted via intersymbol interference (ISI) channels. 

The receiver is specifically tailored for the application with modulation index = 0.5 and 

GMSK (Gaussian Minimum shift keying) modulation schemes and well suited for VLSI 

implementation. 

The Section 5 will show the simulation results presented as BER versus a function of the 

energy bit/noise spectral density E,/No, to evaluate the performance of a TDMA mobile radio 

system with the proposed MLSE receiver. Moreover the performance in terms of BER after 

the subsequent decoder block using the Viterbi algorithm are presented. 
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2. STRUCTURE AND ARCHITECTURE OF THE GSM 


In this section the principal characteristics and features of the new generation of the Pan 
European cellular mobile communication system, called GSM (Group Special Mobile), are 
described in details. 

The communicauon structure of the GSM system can be supposed as composed by the 
following main Duliding Dlocks: 


-MS : tne Modiie Station: 
-BS : tne Base Station, to which the MS is connected through a radio link; 
-MSC: tne Mooiie Service Switching Centre: 11 deveiops the control functions of the 


GSNi svstem are concentrated and it 1s the interface between the fixed network 
anc che CSM network. 
The MSC periorms ail the switching functons required for the management (set-up. 


clear-down. hancover. etc.) or the call to/from the MS. 
Tne main spec:ficaiions proposed for the GSM svstem are the following: 
- Digna spugaiepeanls 
- Moduianon scneme: Gaussian Minimum Shift Keving ‘GMSK)j with BT = 0.3. The 
MOCU:2UON Tet2 1S 1625 6 (270.823) koit's. 
- Frequency sancwidths: 2-25 MHz 
890-9'5 NiHz Mobile tran nit, Base receive 
925-96. MHz Base transmit, Mooiie receive 
- Camier ssecing: 2OC KHz. providing IDS avatiaole carers in 25 MHz bandwidn: 
- rrecuency raus2 : 2 groups o; carmess tor the ce:luias eetaion 
- pap aol access: TOMA with 8 channels per carner. 
The TDMA crame :s divided in 8 time-slots. each 0.5777 ms long. Each time-slot is reserved 


(0 an user :O ansmii a data packet composed of 148 bits anc the structure of the ume 
(Tames, time-si0: anc Durst is shown in Fig. 1. 
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Figure 1 - Time frames, time slots and bursts 


The tume-slot is 2 ume interval of 0.577 (=15/26) ms, comprising 156.25 bits. Its physical 
content 1s callec a burst. 
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There are four tvpes of burst in the system as follows: 

NB Normal burst: this is used to carry information on traffic and control channels, it 
contains 116 encrypted bits and includes a guard time of 8.25 bit duration. 

FB Frequency correction burst: this is used for frequency synchronisation of the MS; it 
is equivalent to an unmodulated carrer, shifted in frequency, with the same guard 
time as the normal burst; it is broadcast together with the Broadcast Controi Channei 
(BCCH). 

SB —_ Syncronisauion burst: this is used for time synchronisation or the MS: it contains a 
long training sequence and carriers the information of the TDMA frame number (FN) 
and BS identity code: it is broadcast together with the frequency-correction burst. 

AB Access burst: this 1s used for random access and it is charactensed bv a longer guard 
ume 
(68.25 pits or 0.252 ms) to allow for burst transmission trom a mobile tha: does not 
know the correct ming at the firs: access (or after handover): tnis allows for a 
distance of 35 km trom BS. 

When the mobile ines to connect with a Dase station. the FB anc SE burs: are used. 

The MS must synchronise both in frequency and ume. The BS sends signais on the BCCH 

to enable the MS :o synchronise itself to the BS and. if necessary. correc: its frequency 

standard to be in iine with tnat or the BS. 

Once the link dDerween MS and BS station has been connected. the norma: oursi is used to 

transmit the information. The information to be transmitted is codec through a biock and 

a convolutional code and, after. interleaved. 


3. MOBILE RADIO CHANNEL 


The propagation of the electromagnetic field between the fixed station and the mobiie 
unit is affected bv many ‘actors. including tropospheric scattering, diffraction from natural 
ang artificial odsiacies. topograpnic and environmental conditions. All these factors lead to 
characterize the signal amplitude received at the mobile unit as fading component. due to the 
reflections from oDdsiacles and the vehicle movement. Generally the assumed model for the 
envelope of the signa! affected by this type of fading 1s the Ravieigh distribution or the Rice 
distmbution. 

Due to the multipath propagation, a transmitted impulse signal produces several replicas at 
the receiver at cliverent time instants. Therefore. all these features give a representation in 
terms of time deiavs and Doppler shifts associated to every path which are shown as: 


[ fu(e-=) Siz, f) ef af de (1) 


where u (t-7) are the paths with different delays 7 and S(z7,f) Doppier spec:rum 

The proposed simpiified mode! is composed by a discrete number of taps, each determined 
by their time delay and their average power, and by a Rayleigh ampnuee varving according 
to a Doppler spectrum. Each taps are added as showed in Fig. 2 

In the 900 MHz dand the delay spread is typically about 0. lus on flat terrain, 2us in urban 
areas and up to 5yus for hilly terrain. The maximum delay can be 0.5us. 10us and 20ys in 
the three environments respectively. 

The characteristics of the radio channe! can be therefore described by a ume-varying impulse 
response c(7, t), that is a function of the response delay 7 at the current time t. 

The shapes of the impulse responses is various in the different propagation conditions and 
has a relatively long duration. 
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Figure 2 - Mobile radio channel simulator 
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for the urban case. 


As examples, Fig. 3 snows the equivaen: iowpass impuise response oF tne mooiie cnannei 
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Figure 3 - In-phase and quadrature umpulse response ( Urban Area 50 Km/h ) 


4. A DIGITAL RECEIVER FOR THE GSM SYSTEM 


In this section a prototype digital receiver of the GSM system is shortly described. 
In the GSM system, the reliability o the digital information is strongly degradated by 
multipath. 
The Maximum Likelihood Sequence Estimation (MLSE) using the Viterbi algorithm seems 
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one of the most powerful method for the equalization of channels with severe distortions. 
The Gaussian Minimum Shift Keying (GMSK) modulation can be closely approximated 
through a linear partial-response QAM signal with the data symbols a; = + |. obtained from 
the source data symbols by differential encoding, which are phase-rotated in the complex 
plane bv consecutive multiples of x/2. 

Therefore, the transmitted signal is given bv 


s(t) = 3 a, i¥ p(t-kT ) (2) 


gre-@ 


being T.the symbol ihe and p(t) 1s a real-valuec use Shaping funcu 
The QAM mode! nas been extendec to cover the effec: of linear transmission channeis anc 


rece:ving filters. The received signa: vii: can De ZIver DV: 


nere h(t) is the overall complex impuise response o: ine complete communication system. 
inciuding the transmitter. the receiver anc the cnanne. response. 
Andp.ving at the received ne a derotaion faccor ‘=) :-!) for every !. we odiain a simpiified 
structure of the MLSE rece 
































The general structure of “the digital receiver ior the GSM system. which nas bDeen 
imDiemented, 1s shown in Fig. 4. The received signa v(t) is reported in the base Sanc anc 
amdiec at the converter every T. 
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Figure 4 - General receiver structure for’ the GSM system 


In order to recover the source data sequence hidden in the received signal y(t) tne MLSE 
receiver calculates the euclidean metncs for a possible sequence a between the received 
signal and the reconstructed signal using estimated channel coefficients and searches the 
particular sequence that minimizes 
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YS IWkT) - HAT)? (4) 


i=] 


where M 1s the lenght of the whole data symbol sequence. 
The Viterbi equalizer requires a good estimation of the actual channel impulse response. 
In the GSM system. the data packet contains a pseudo- random sequence of 26 bits, termed 
midambdié. whicn is known at the receiver. This sequence can be used to perform an estimate 
t the communication channel dumng the actual time- slot. 

Assuming tO take one sample every T and considering that the impulse channel response 
varies with the time. the signal sampies v, = vinT) are therefore given Dy: 

yinT)=) (kT) a,_ (3) 


£ 


- eS as cm IT) a ” : i. © 

ANS COQ Cenis Ain. | are SsumMatec OV using ihe corre:auon properties of the micampie. To 
‘ ps 

tnis recerc. ihe cnanne! estimator evaluates tne correi:ation between the received sign 





N 
C=—\S Vea kh (6) 


m= g=' 

r eaejan? a he evera ' ad + 
ir. the orencai imai2@mentation of the receiver. the svsigm response nave Deen assumed t 
span > svmoois 
; er . as sre ane 2ne } oa as : mire ts : A ; + 
The Vir2ro: azonthim uses the esumarec channe! coeriicients to equalize and cdemoduiate the 

pA . eenil ~~ ease oh ] ren ~ o cA nan } oh 
rece:vec symbols. It uses 2 creilis s:rusture with 1€ stares anc evaluates fcr 225 path che 
or 
SuciG2an cisiance Detween ihe reca:vec sequence anc ine reconsiruciec signa using the 
esumat2c impulse response. The Viterd: equalizer gives at ifs Ourput ihe sequence naving the 

: S 

. a | . 
lowes: Suciid2an distance and a sort information on each demodulated svmbo!. 
o - 2 } Cc . - r Se 7 P j ~- 
Pits SOM information ( 3 bits) woicn 2ives an 2stimate of; the data reliabilitv, 1s used in the 


~ 


: Gat 
Nex! DOCK Of the receiver that imo.emenis tne convolutional decoding oasec also on the 


Viterd: agonthn 
romnermore scme other consideraiions are important from the impiementauon point 
ew Or che aignal receiver 
\ an2 Dreamoie position in micdle = che ourst allows to produce a channe! impuise 
response estimate that in manv situation :s suriiciently accuraie tor the whole duraticn 


o7 ihe Durst even in presence of time-varving multipath fading. For ihis reason the 
Siterdi algorithm is initialized at the extremes of the midamble and then works on the 
inrormative sequence in direct and inverse propagation. As expected the pertormanc 
Oi the receiver 1S worse at the Deginning and at the end of the Durst. anc only in the 
case Of migh speed or the mooile could be necessary to cope with the rasi channel 
response vanations bv a receiver adaptability (tracking mode). 
B) The MLSE receiver only needs the estimate o7 the channel impulse response h,(kT) 
anc does not require the knowledge of the carner phase and of the symbol tuming 
These information are included automaucally in the channel estimate f,(kT). 
Therefore the MLSE receiver does not require subsystems dedicated to the carner 
hale and symbol timing extraction. Moreover even a moderate frequency offset 
etween the carrier frequency and the frequency of the receiver local carner can be 
tolerated. The frequency offset appears as a slowly ume-varying relative carner phase 
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that contributes to the time vanations of the channel impulse response. 

C) As underlined the value of the parameter N affects the receiver compiexity. However, 
in practice the receiver is robust with respect to the value of N. If turns out that the 
receiver performance (in terms of error probability) is quite good even for values of 
N significantly smaller than the actual duration of the channel impulse response. 
Moreover it turns out that the digital implementation of the MLSE receiver requires 
short binary register for a salistactory performance. i.e. the receiver is robust with 
respect to a finite-anthmetic implementation. 


The charactenstics outlined aDove suggest that the MLSE receiver :s 2 g00d candidate 
for a digital receiver ror mobile communicauons and is suitable for a VLSI impiementation. 


. SIMULATION RESULTS 


ta 


A computer simulation program has been set up in order to evaiuate the Derlormance o: 
TDMA mooiie radio system with the proposed MLSE receiver. The simuiation program 
written in C language runs on VAX station to obtain the BER (bit error rate) performance 
of the globaj system. 

The foliowing assumpuon will be made: 
- the normalized oanawidth or the premoduiation jliter in the GMSK transmitter 
is BY = Q.3 (the bit rate is 1/T= 270.835 kbvs). 
- the Dasedand receiving filter has a 3-dB bandwidth two-sided eaual to 160 kHz 
- the rece!ver structure includes a 16 - state Viterbi receiver 
the channei impuise response 1s estmated every Durs: anc it !s used to set at 


‘he rece:ver at the beeinning of 2ach ume - sid:. 


a 
~ 


|=) 


The simuiated channe! impairments are: 


- flat Gaussian noise 

- Ravyie:gn sading with Doppler frequency shift and muinpie echoes selected by 
the COST Propagation Group as representative oO urdDan area (TU), rural area 
(RA) anc hiliv terrain (HT). 


The results of complex echo patterns simulations is reported in Fig. 5 as BER versus E,No. 


. ~ 


It can De observed that urban channel! is more selective than rural one Decause includes rather 

long echo deiavs. 

Also it can be noticed that the bit errors are less in the midambie than in the information 
lessage since the channel estimate is evaiuated on the note midamobile sequence. So. the bit 

errors grow conunuously in the two message parts towards the ourst tail. 

In Fig.6 1s shown the BER versus E,’N, after the Viterbi aecocing impiementung soft 


ecision. 
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Figure 5 - Bit error rate performance for the receiver on TU - Urban Area, HT - Hilly 
Terrain, RA - Rural Area with Doppler velocity of 50 km/h, 100 km/h and 250 km/h 
respectively 
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Figure 6 - BER performance for the Viterbi decoder implementing soft decision in the 
same above cases 


[3] R. D’Avella. L. Moreno, M. Sant’Agostino, "An adaptive MLSE receiver for TDMA 
digital mobile radio", IEEE, J. of Selected Areas on Communications, vol. 7, N° 1, 
p.122-129, January 1989. 


[4] A.Baier “Derotation Techniques in Receivers for MSK-Type CPM Signals” Signal 
Processing,p. 1799-1802 1990. 


- END - 


145 








